PATENT 
2429-1-031 

REMARKS 

Claims 1-10 and 12-15 are pending in the present application. Claims 12-15 are 
withdrawn from consideration, and claims 1-10 are currently rejected. 

Rejection under 35 U.S.C. 112, second paragraph 
The Examiner rejects the claims as unclear because it is allegedly not clear 
whether Applicants are claiming the preparation of acrylic acid or acrylonitrile or a 
combination of the two. Applicants herein amend claim 1 to define a catalyst for an 
oxidation reaction of a hydrocarbon which can be an alkane, an alkene or mixtures thereof. 
Furthermore, the catalyst is defined by its chemical nature and X-ray diffraction lines, and 
using the same in preparing acryclic acid of acrylonitrile does not depend upon the catalyst, 
but on other reaction conditions, such as the starting product and other reagents employed. If 
one adds ammonia one obtains acrylonitrile, but if one employs oxygen one obtains acrylic 
acid in the reaction with propane. Therefore, the nature of the catalyst is completely 
independent of the process in which it is used. Applicants submit that claim 1 as presently 
amended clarifies that the catalyst is intended for use in an oxidation reaction of concrete 
type of hydrocarbons. 

The Examiner also indicates that the parameters h, i, j, k and x do not have 
antecedent basis because they do not appear in claim 1. Applicants herein include the 
empirical formula in amended claim 1, but without limiting the values of the parameters. 
Applicants submit that since information is included regarding the four essential elements 
(Mo, Te, V and Cu), the concrete additional elements (A) that can be present, the fact that 
Mo, V, Te and Cu are present in the form of at least and oxide, the proportion of Mo 
related to the proportion of the remainder of the elements in the catalyst, and the presence 
of concrete five X-ray diffraction lines, the catalysts are clearly defined so as to 
reasonably apprise one of ordinary skill in the art of the metes and bounds of the 
invention. Further, Applicants respectfully submit that further defining the values of h, i, 
and j considering that the value of x clearly depends on the values of the other three 
mentioned parameters, would unnecessarily limit the scope of the claims. 
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Rejection under 35 U.S.C. 103 

The Examiner rejects all of the claims as allegedly obvious over Takahashi et al, 
U.S. Patent 5,994,580. The Examiner admits that Takahashi et al do not teach the 
particular x-ray diffraction angles of the catalyst, however, the Examiner says that these 
represent no more than manipulation of parameters to improve yield and/or selectivity. 

Applicants respectfully disagree. The fact that the process can be coincident, a 
reaction of propane oxidation, does not mean that the catalysts are the same. Takahashi 
et al teach catalysts including Mo, V, Sb and A. Moreover, Takahashi et al teach that A 
can be one or more of Nb, Ta, Sn, W, Ti, Ni, Fe, Cr and Co. Therefore, it is clear that Te 
is never present in the catalysts of Takahashi whereas Te is an essential element in the 
catalysts of the present invention. Furthermore, the catalysts of Takahashi et al all 
contain Sb whereas antimony is not a part of the catalysts of the present invention. Still 
further, the catalysts of the present invention all contain Cu whereas the catalysts of 
Takahashi et al never contain copper. In short, the differences between Takahashi et al 
and the present invention are not simply the presence or absence of a single element, but 
in that the coincident elements necessary are only two considering that the catalysts of 
Takahashi et al as well as those of the present invention have in all cases at least four 
different elements. 

Applicants wish to clarify that the X-ray diffraction pattern is one of the clearest 
forms of identifying a chemical compound, and the five lines included in claim 1 are 
intense lines and are provided with an error in the diffraction angle of ±4. Therefore, 
Applicants submit that it is not entirely true that the X-ray data given may have been 
manipulated. In view of the foregoing, it is clear that Takahashi et al do not teach or 
suggest the catalysts of the present invention. 

Still further demonstrating the patentability of the present invention, Applicants 
submit that Takahashi et al obtain the best results with catalysts containing added 
elements such as K. Additionally, catalysts containing Sb, such as those of Takahashi et 
al also require potassium in order to obtain higher selectivity to acrylic acid, whereas the 
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element copper in a catalyst such as Mo-V-Te-Nb demonstrates very different behavior. 
To clarify this, Applicants respectfully direct the Examiner's attention to Blasco et al, 
Journal of Catalysis 228, 362 (2004), a copy of which is submitted herewith, wherein it is 
shown that an Sb containing catalyst also necessarily requires potassium in order to lower 
the catalyst acidity. It has been observed that in a Mo-V-Sb-0 catalyst, the number of 
acid centers decreases with the amount of the potassium content, demonstrating that the 
best results are obtained with a certain K amount. Hence, the catalysts of Takahashi et al. 
demonstrate better results when they contain potassium. 

In contrast to the foregoing, in a catalyst having tellurium, such as those of the 
present invention, the number and strength of the acid centers is much lower than the 
number and strength of the acid centers in a catalyst having Sb. This fact is clearly 
demonstrated in by Concepcion et ai, Applied Catalysis A: General 278, 45 (2004), a 
copy of which is submitted herewith. Concepcion et al also demonstrate that the effect of 
the potassium element in the catalysts of Takahashi et al. is not related to the effect of the 
presence of copper in the catalysts of the instant invention. 

Applicants submit as well a copy of Baca et al, Catalysis Communications, 6, 
215 (2005) to further demonstrate the differences in the acid centers of the catalysts. In 
view of the foregoing explanations, the catalysts of Takahashi et al and those of the 
instant invention are quite different, and the differences are obviously reflected in their 
different mechanisms of action. 

It is a fundamental principle of the patent law that secondary considerations may 
be used to rebut a prima facie case of obviousness. One such secondary consideration is 
unexpectedly superior results or properties. In the instant case, assuming arguendo, that 
a proper prima facie case of obviousness could be said to exist, secondary considerations 
still establish patentability. An advantage of the present invention catalysts over those of 
Takahashi et al is avoiding undesirable side effects. Antimony is highly toxic, causing 
in small doses headache, dizziness and depression, and in larger doses death in a few 
days. In contrast, tellurium is considered to be mildly toxic and acute poisoning with Te 
is rare. 
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This advantage alone establishes the patentability of the present invention over Takahashi 



Entry of the foregoing amendments and remarks into the record of the above 
identified application is respectfully requested. Applicants submit that the claims are 
now all in condition for allowance and early notification of such is solicited. If any 
issues may be resolved telephonically, the Examiner is invited to contact the undersigned 
at the telephone number indicated below. 
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Respectfully submitted, 




KLAUBER & JACKSON 
411 Hackensack Avenue 
Hackensack, New Jersey 07601 
(201)487-5800 
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Abstract 

The adsorption of pyridine on the surface of the Ml active phase of the MoVTe(Sb)0 catalysts has been studied for the deter- 
mination of the Bronsted and Lewis acid sites. The results obtained showed medium Lewis and Bronsted acidity for antimony con- 
taining phases and low Lewis and Bronsted acidity for tellurium ones. The incorporation of niobium in the Ml phases resulted in a 
decrease of both acidities. The samples characterized have been tested as catalysts in the oxidation of propane to acrylic acid. The 
results obtained allowed to propose correlations between the acidic properties and the catalytic selectivity. 
© 2005 Elsevier B.V. All rights reserved. 

Keywords; Oxidation of propane; Acrylic acid; MoVTe(Sb)NbO catalysts; Pyridine adsorption 



1. Introduction 

The direct oxidation of propane to acrylic acid has at- 
tracted a lot of attention in the past decade. Progress has 
been made with the discovery of new active and selective 
oxide based catalysts [1,2]. These catalysts, first patented 
for propane ammoxidation to acrylonitrile, contain four 
metallic elements: Mo, V, Te or Sb and Nb. Each four 
element is contained into two phases, named Ml and 
M2, which are solid solutions [3-6]. The phase Ml has 
been demonstrated to be the active and selective phase 
for propane oxidation or ammoxidation and responsible 
of the performance for the catalysts [3,7], It crystallizes 
in the orthorhombic system and can contain either Te 
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or Sb cations with a formula that has been reported as 
(AO) 2 _ 2jc(A 2 0)jcM 2 o056 with A = Sb or Te, M = Mo, 
V, Nb and 0 ^ x ^ 1 [6,8]. The V/Mo and Nb/Mo ra- 
tios can vary, but are generally close to 0.3 and 0.1. 
The structure model for the Ml phases, initially pro- 
posed based on an isomorphism with the phase 
Cs 0 .7(Nb,W) 5 Oi4 [5], has been ascertained and the atom- 
ic positions and occupancies have been determined 
[9,10]. The structure can be described by a corner shar- 
ing M0 6 (M = Mo, V, Nb) octahedra network with tel- 
lurium or antimony cations and oxygen anions 
occupying sites in hexagonal channels formed by the 
octahedra. Besides hexagonal channels, pentagonal 
and heptagonal channels are present and oriented in 
the same direction. The heptagonal channels have been 
reported to be empty and the pentagonal ones occupied 
by Nb cations. Vanadium and molybdenum are not 
equally distributed in the octahedral network but 
occupy preferentially certain sites. 



1566-7367/$ - see front matter © 2005 Elsevier B.V. All rights reserved, 
doi: 1 0. 1 0 1 6/j .catcom.2004. 12.010 
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Previous studies by Ueda and Oshihara [11] have 
shown that the crystalline Ml phases, with Te or Sb, 
could be obtained without niobium. These studies ruled 
out the hypothesis formulated earlier on the role of nio- 
bium in stabilizing the structure [12,13] and it is still not 
fully understood why its presence increases the selectiv- 
ity to acrylic acid by about 15-20%. The last studies 
conducted on this subject proposed that niobium 
changes the catalyst morphology or suppress further 
oxidation of acrylic acid in CO* [14]. 

It has been widely demonstrated that acidity may 
have a relevent role on the oxidation or on the oxidative 
dehydrogenation activity and selectivity of a catalyst. 
The aim of the present study is to determine the types 
of acid sites present in Ml phases with different compo- 
sitions by taking FT-IR spectra from their surface dur- 
ing the adsorption of pyridine. Adsorption of a base 
like pyridine is commonly use for the determination of 
acidity of solid surfaces with the formation of pyridi- 
nium ions with Br0nsted centers and coordination of 
pyridine on Lewis ones. Four Ml phases have been 
studied, two containing Sb with and without Nb: {Ml 
(Sb)) and M7(Sb-Nb) and two containing Te with and 
without Nb: (Ml (To)) and M7(Te-Nb). They allowed 
to determine the effect of the presence of the cited cat- 
ions on the acidity of the phase. Catalytic properties 
of the studied phases have been determined for the oxi- 
dation of propane to acrylic acid and correlations have 
been searched between the acidity and the catalytic 
properties. 



2. Experimental 

The preparation of the Af7(Te-Nb) and M7(Sb-Nb) 
phases took place in two steps. In a first step, a Ml and 
M2 phase mixture was prepared according to patented 
methods from an aqueous slurry comprising Mo, V, 
Te(Sb) and Nb precursors in the ratio Mo/V/Te(Sb)/ 
Nb= 1/0.33/0.22(0. 15)/0. 11 [15,16]. The slurries were 
evaporated to dryness at 383 K and successively calcined 
at 573 K under air and at 873 K under nitrogen for 2 h. 
In a second step, the biphasic catalyst was stirred in a 
15% hydrogen peroxide aqueous solution at room tem- 
perature for 2 h. Under such conditions the M2 phase 
was completely dissolved. The solids recovered were 
washed with water, dried at 383 K and calcined under 
nitrogen at 873 K for 2 h. 

Pure Af7(Te) and M7(Sb) were prepared by hydro- 
thermal synthesis according to a procedure described 
elsewhere [1 1]. For M7(Te), to 20 mL of water were suc- 
cessively added 5.35 g of ammonium heptamolybdate 
and 0.80 g of tellurium dioxide. Separately, an aqueous 
solution of vanadium was prepared by dissolving 3.94 g 
of hydrated vanadyl sulfate in 10 mL of water. Both 
solutions were mixed at room temperature and stirred 



for lOmin before being introduced into the autoclave 
and heated 72 h at 448 K. The resulting black solid 
was washed with distilled water and dried for 12 h at 
353 K. It was first calcined in air at 553 K for 2 h and 
then under nitrogen flow at 873 K for 2 h. For Ml 
(Sb), 2.12 g of ammonium heptamolybdate was dis- 
solved in 30 mL of distilled water at 353 K. Then 
0.53 g of antimony sulfate powder was slowly added 
and the solution was vigorously stirred for 15min. Fi- 
nally, an aqueous solution containing 5.26 g of hydrated 
vanadyl sulfate dissolved in 15 mL of distilled water was 
added. The slurry was introduced into the autoclave and 
heated at 448 K for 24 h. The formed solid was sepa- 
rated from the solution, washed with water, dried at 
313 K overnight, calcined in air at 553 K for 2 h and un- 
der nitrogen flow at 873 K for 2 h. 

Powder X-ray diffraction (XRD) patterns were ob- 
tained using a BRUKER D5005 diffractometer and Cu 
Ka radiation. They were recorded with 0.02° (20) steps 
over the 3-80° angular range with 1 s counting time 
per step. Metal contents of the solids were determined 
by atomic absorption (ICP). 

The surface acidity of the catalysts was investigated 
by means of a Fourier transform infrared spectroscopic 
(FT-IR) study of pyridine adsorption. Pyridine FT-IR 
spectra were recorded in a IFS1 10 BRUKER spectrom- 
eter (DTGS detector). The samples were pressed into 
self-supporting discs (40-50 mg, 18 mm diameter), 
placed in an IR cell, and treated at 523 K under vacuum 
(10~ 5 Torr or 0.0013 Pa) for 2 h. After cooling to room 
temperature, the samples were exposed to pyridine va- 
por for 5 min (vapor pressure 3.3 kPa). Then, the spec- 
tra (200 scans, resolution: 1 cm" 1 , range of acquisition: 
1000-4000 cm -1 .) were recorded after evacuation (10~ 5 
Torr or 0.0013 Pa) for 30 min at 298, 373, 423, 473, 
523 and 573 K. 

The oxidation of propane was performed in a fixed 
bed reactor operating at atmospheric pressure under 
conditions described elsewhere [7]. The catalytic proper- 
ties were determined between 583 K in a conventional 
flow reactor with a catalyst mass varying from 0.5 to 
1 g. The molar feedstock composition was O2/C3H8/ 
H 2 0/N 2 /He = 10/5/45/35/5 with GHSV = 2500 h" 1 . The 
reactants and gas products were analyzed with an 
on-line gas chromatograph using Porapak-Q and CP- 
Molsieve 5 A columns. The organic substrates were 
condensed during the reaction and analyzed off line. 
Products formed under our reaction conditions were 
propene, CO, C0 2 , acetone, acetic and acrylic acids. 
Traces of acrolein have been observed but not consid- 
ered for calculations. The catalytic tests were conducted 
for at least 12 h and the catalysts were recovered after 
catalytic test by cooling them down rapidly in the flow 
of reactants from 653 K. Carbon balance based on the 
products listed above was satisfactory in all runs within 
100 ±2%. 
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3. Results and discussion 

The results of the chemical analysis of the prepared 
Ml phases are presented in Table 1. The cationic ratios 
obtained from chemical analysis were relatively close to 
each other. The phases that did not contain Nb were ri- 
cher in vanadium as expected. The Te(Sb)/M ratio (with 
M = Mo + V + Nb) corresponded well to the theoretical 
one with however for the Nb containing phases a slight 
Te and Sb substoichiometry. The X-ray diffraction pat- 
terns of the prepared compounds are displayed in Fig. 1 . 
All the solids were well crystallized and contained only 
one phase. 

The nature of acid sites (Lewis and Bronsted) on the 
surface of the catalysts has been studied by FT-IR spec- 
troscopy of pyridine adsorption. The spectra arising 
from pyridine adsorption at room temperature followed 
by evacuation at the same temperature are shown in Fig. 
2. The bands at 1610, 1575, 1490, 1446 and 1596 cm" 1 
have been assigned to the vibrational modes of Lewis 
site coordinated pyridine [17]. Similarly, the bands at 
1640, 1576, 1490 and 1538 cm" 1 correspond to a pyrid- 
inium ion bonded to a Bronsted site. The bands around 
1490 and 1576 cm -1 are associated at the same time to 
both Bronsted and Lewis acid sites. In addition to these 
peaks, FT-IR spectra showed also peak at 1437 and 

Table 1 

Results of the chemical analyses of the synthesized Ml phases 



Compound 


Chemical analysis 


M7(Te-Nb) 


MoV 0 .26Te 0 .iiNbo.i2 


Af/(Sb-Nb) 


MoVo.2sSbo.13Nbo.15 


Ml(Te) 


MoV 0 .5iTe 0 .i7 


A//(Sb) 


MoVo.46Sbo.17 




1600 1550 

Wavenumber cm" 1 



Fig. 2. FT-IR spectra of the surface species after pyridine adsorption 
and outgassing at 298 K on the Ml phases. 



1584 cm -1 corresponding to physisorbed pyridine. All 
the bands reported above were observed in the spectra 
recorded at room temperature. Fig. 3 shows the 
Bronsted and Lewis relative acidity of the Ml phases, 
expressed as area under the peak at 1540 and 
1450 cm"" 1 , normalized by surface unit in the spectra re- 
corded after desorption at 373 K. Fig. 4 shows the evo- 
lution of the acidity as a function of temperature 
between 373 and 600 K. Upon out-gassing at increasing 
temperatures, the intensities of all the bands decreased. 

No more Bronsted acid sites were detected at 373 K 
on the catalysts containing tellurium and no Lewis acid 
sites were neither detected on the A/7(Te-Nb) sample. 
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Fig. 1. X-ray diffraction patterns of the Ml phases. 




M1<Sb)M1(Sb) M1(Te) 



£3 Lewis acid sites 
O Bronsted add. 



M1(Sb-Nb) 
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Fig. 3. Comparison of the Bronsted and Lewis relative acidity of the 
Ml phases, expressed as area under the peak at 1540 and 1450 cm" 1 
normalized by surface unit in the spectra recorded after desorption at 
373 K. 
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Fig. 4. Variation of the Bronsted and Lewis relative acidity of the Ml 
phases, expressed as area under the peak at 1540 and 1450 cm -1 
normalized by surface unit as a function of temperature. 

The later phase appeared thus with both a very low 
Bronsted and Lewis acidity. By increasing further the 
desorption temperature above 373 K both Bronsted 
and Lewis acid sites remained in the M7(Sb) and 
M7(Sb-Nb) samples. Concerning the Bronsted sites, it 
is important to note that the protonation of a relatively 
weak base such as pyridine is an indication of their 
relevant strength. The stability of the pyridinium cations 
even after evacuation at 523 K is a further indication 
that the sites were rather strong on Sb containing cata- 
lysts. The number and strength of Lewis acid sites de- 
creased in the order M7(Sb) > M7(Te) > M7(Sb-Nb) > 
M7(Te-Nb) whereas the number and strength of 
Bronsted acid sites followed the trend: M7(Sb) > 
M7(Sb-Nb) > M7(Te) > M7(Te-Nb). A slight variation 
in position of the band at 1540 cm -1 over a range of 
5 cm -1 in the solids following the same order was 
observed. For the same type of phase, it is important 
to point out that the incorporation of niobium led to a 
decrease of the amount and the strength of both types 
of acid sites. 

The catalytic performances of the phases in propane 
oxidation to acrylic acid have been determined at 
653 K (Table 2). All catalysts showed almost the same 
activities in propane oxidation and gave acrylic acid, 
propene, acetic acid and CO x . Formation of acetone in 
small amount was mainly observed on Af7(Sb). Since 
conversions were almost the same, the selectivity sets ob- 
tained could be compared. The M7(Te-Nb) appeared to 
be the most selective catalyst to acrylic acid which was in 
agreement data reported previously [12,18]. For cata- 
lysts containing antimony we observed the same effect: 
the presence of niobium led to an increase of acrylic acid 
selectivity but in this case, Af7(Sb) also presented high 



Table 2 



Catalytic properties of the Ml phases at 653 K 



Compound 


Conversion (%) 


Selectivities (%) 








CO, C 3 H 6 


AA 


Ace 


AcA 


Ml(Sb) 


29 


37 15 


26 


2 


20 


A/7(Te) 


29 


29 13 


48 


0 


10 


M/(Sb~Nb) 


31 


24 11 


52 


0 


8 


M7(Te-Nb) 


31 


22 11 


58 


0 


9 



Reaction conditions: feedstock composition 0 2 /C3H 8 /Ne/N2/H 2 0 = 3/ 
1.5/1.5/10.5/13.5; total flow = 30 mL/min; catalyst mass = 0.50 g. AA, 
acrylic acid; Ace, acetone; AcA, acetic acid. 



selectivity to acetic acid. The selectivity in acrylic acid 
decreased in the order M7(Te-Nb) > A/7(Sb-Nb) > 
M7(Te) > M7(Sb). 

Before discussing the results obtained and trying to 
find correlations between acidity and catalytic proper- 
ties, it is interesting to recall the proposed reaction 
mechanism for the oxidation of propane on these cata- 
lysts [19]. The activation of propane by surface V=0' 
moeties has been proposed. Such H-atom abstraction 
from and alkane by a O-radical center has already been 
proposed in several cases [20,21]. The formed propyl 
radical would loose a second hydrogen presumably on 
a Te-0 center to form a propene molecule. It has been 
shown that the oxygen atoms bound only to Te cations 
would also have a radical character facilitating this sec- 
ond abstraction [5]. Afterwards the reaction mechanism 
should follow thus already described for the transforma- 
tion of propene into acrylic acid [22]. It is reasonable to 
think that the acidity of the surface will strongly affect 
the binding and reactivity of propene molecules which 
have a basic character. 



40 




3 20 



10 



0 I i i.l 

0 0.5 1 1.5 

Relative intrinsic acidity (a.u.) 

Fig. 5. Correlation between the selectivity in CO x at 803 K and the 
number of Lewis acid sites identified by pyridine adsorption at 378 K 
on the different Ml phases. 




Fig. 6. Oxygen coordination of the Nb (a) and V or Mo (b) in the active plane (001) plane of the Ml phase. The five oxygen surrounding the V or 
Mo cations are in the plane. The cations should be located below this plane closed to the sixth oxygen. 



The two catalysts containing Te have few and very 
weak Bronsted acid sites (Figs. 3 and 4). The presence 
of niobium affected thus mainly the number and 
strength of Lewis sites that both decreased. In the same 
time an increase of selectivity in acrylic acid was ob- 
served (Table 2). The increase is mainly obtained to 
the depends of the selectivity in CO A . On stronger Lewis 
acid centers, propene is more strongly adsorbed which 
results in prolongation of the residence time of propene 
molecules at the surface which increases the probability 
of an electrophylic attacks of adsorbed oxygen and com- 
bustion of the molecules. Fig. 5 shows a linear correla- 
tion between the selectivity in CO. Y at 653 K and the 
number of Lewis acid sites identified by pyridine adsorp- 
tion at 373 K on the different Ml phases. It is interesting 
to note that the contribution to the formation of CO* 
from propene represented a little less than the half. 
CO x should also be formed by the oxidation of other ad- 
sorbed intermediates or products (acrolein, acetone, ace- 
tic and acrylic acids,. . .). 

The presence of niobium in the antimony containing 
phase has an effect both the Lewis and Bronsted acidity 
that both decreased. Again an increase of acrylic acid 
selectivity was observed. But in this case this increase oc- 
curred not only to the depends of that in CO* but also to 
that in acetic acid. This may be explained by the fact 
that on Brensted acid center carbonium ion mechanism 
may operate in the transformation of propene [23]. This 
would result in the formation of propoxide type adsorp- 
tion complexes. In the presence of water the complexes 
decompose to produce isopropyl alcohol and regenerate 
surface acid centers. At high temperature and in the 
presence of redox centers on the catalyst surface, dehy- 
drogenation of isopropyl alcohol follows easily its for- 
mation resulting in the appearance of acetone and 
further oxidation to acetic acid. 

When putting in relation the results of acidity charac- 
terization and of catalytic testing, a correlation between 
the selectivity of the catalysts and their acidity was ob- 
served. On the contrary, the activity of the catalysts re- 



mained almost the same, which indicated that the acidity 
does not affect the propane activation. Neither does the 
presence of niobium. This later conclusion had already 
been reached [24]. Niobium cations have been shown 
to occupy a specific site in the structure of the Ml phase 
[9]. This site is mainly located in the pentagonal channels 
and it exhibits a rather unusual heptagonal coordination 
(bi-pyramid with pentagonal base) (Fig. 6). The d 0 cat- 
ions, V 5+ and Mo 6+ cations that occupy this site should 
accommodate the coordination uncompletely leading to 
rather strong Lewis acid sites responsible for total oxi- 
dation in the (001) plane perpendicular to the channels 
shown to be the active plane. Calculations will be under- 
taken in order to ascertain this conclusion. The presence 
of niobium and the control of the preparation parame- 
ters allowing to avoid the occupation of the pentagonal 
channel of the Ml phase structure by other cations than 
niobium are key parameters to high selective catalyst. 
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Abstract 

A series of V- and Mo-V-based catalysts, i.e. undoped and K-doped VQ*/A1 2 0 3 , MoVNbO, MoVSbO and MoVTeNbO mixed metal 
oxides, have been tested in the oxidation of propane and propylene. All the catalysts are active and relatively selective in the partial oxidation 
of propane and propylene, although the nature of reaction products changes depending on the characteristics of the catalysts. Thus, acrylic 
acid (MoVTeNbO), acetic and acrylic acid (MoVSbO), acetic acid (MoVNbO) and propylene and CO x (supported catalysts) were the most 
important products obtained from both propane and propylene. FT-IR spectroscopy of NH 3 indicates the presence of Br0nsted and Lewis acid 
sites, although the acidity decreases in the order: MoVNbO > V0 A yAl 2 0 3 > MoVSbO > MoVTeNbO > K-doped VO Jt /Al 2 0 3 . FT-IR studies 
of propylene adsorbed and desorbed at different temperatures allowed us to propose three different intermediates: (i) a ir-allylic compound, 
intermediate in the selective oxidation of propylene to acrylic acid; (ii) an enolic-type compound, intermediate in the hydration/oxidation of 
the olefin to form acetone and acetic acid; (iii) a ir-bonded propylene species interacting with Lewis acid sites, precursor in the deep oxidation 
of propylene. Accordingly, the key factors in the achievement of an active and selective catalyst for the oxidation of propane to acrylic acid as 
MoVTeNbO mixed oxides is tentatively proposed. The role of acid sites in selective and non-selective pathways are also discussed. 
© 2004 Elsevier B.V All rights reserved. 

Keywords: Mo-V-Te-Sb-Nb mixed oxide catalysts; Alumina-supported vanadia; Selective oxidation of propane and propylene to acrylic acid, acetic acid; 
Catalyst characterization (XRD, XPS, FT-IR of ammonia or propylene adsorbed) 



1. Introduction 

In the past decade there has been a great interest in the 
development of highly active and selective catalysts for 
partial oxidation of light alkanes due to their potential 
application as a source of cheap raw materials. In fact, the 
direct conversion of light alkanes into various products, i.e. 
olefins, or aldehydes, acids and nitriles ct,p-unsaturated, is 
one of the most challenging problems in petrochemistry 
since it can enable natural gas to be used as the feedstock for 
producing, in large scale, chemicals currently obtained from 
oil [1-9]. 



* Corresponding author. Tel.: +34 963877808; fax: +34 63877809. 
E-mail address: jmlopez@itq.upv.es (J.M. Lopez Nieto). 



Mixed metal oxides catalysts, i.e. bulk or supported 
metal oxides, are an important class of catalytic materials 
in the selective oxidation of alkanes. Supported vanadia 
catalysts have been proposed as one of the most 
interesting catalytic systems in the oxidative dehydro- 
genation (ODH) of short chain alkanes [1,6-9], although 
their catalytic performance depends strongly on the acid 
character of both support and catalysts and the alkane feed 
[6]. Thus, it has been observed that the ODH of ethane on 
V-containing catalysts is selectively carried out on 
catalysts with acid character [6,7], while the ODH of 
butane on V-containing catalysts is more effective on 
basic catalysts [7]. A clear example is the incorporation of 
potassium on the surface of V0*/A1 2 0 3 catalysts, which 
has a promoter effect during the ODH of propane [10] or 



0926-860X/$ - see front matter © 2004 Elsevier B.V. All rights reserved. 
doi:10.1016/j.apcata.2004.09.024 



R Conception el al,/ Applied Catalysis A: General 278 (2004) 45-56 



46 

n-butane [11,12] but a negative effect during the ODH of 
ethane [11]. 

Bulk mixed metal oxides have been proposed as selective 
in the O- and N-insertion reactions [1-5]. In this way, bulk 
V-Mo-containing mixed metal oxide catalysts have been 
proposed during the last decade as one of the most selec- 
tive catalysts in the selective oxidation of light alkanes 
[1-5,13-33]. 

Mo-V-Nb-0 mixed metal oxides were proposed as 
active and selective catalysts in the ODH of ethane [13-16] 
although they present a relatively low selectivity from 
propane [17,18]. The appearance of several reaction 
products by consecutive reactions from propane [17] which 
are not observed from ethane, could partially explain the 
catalytic performance of this catalytic system from both 
alkanes. 

Mo-V-Nb-Te-0 mixed metal oxide catalysts have been 
proposed in the last years as the most active and selective in 
the ammoxidation of propane to acrylonitrile [2-5,19-24], 
the selective oxidation of propane to acrylic acid [2-5,25- 
27], and in the oxidative dehydrogenation of ethane to 
ethylene [28,29]. The presence of Te-containing crystalline 
phases facilitates the selective consecutive reactions from 
propylene (favouring the formation of acrylic acid or 
acrylonitrile) during the oxidation of propane [19-27]. 

Mo-V-Nb-Sb-0 mixed metal oxide catalysts have 
recently been proposed as active and selective catalysts in 
the oxidation of propane to acrylic acid [30-33], although 
the main of the scientific papers report a relatively low 
selectivity to acrylic acid [31-33]. Recently, it has been 
proposed that the incorporation of potassium ions on the 
surface of MoVSbO catalysts could enhance the selectiv- 
ity to acrylic acid [33] by the elimination of the Br0nsted 
acid sites on the catalyst surface. So, the nature and 
strength of acid sites, in addition to the chemical 
composition of the catalyst, could have a strong influence 
on the nature of reaction products during the selective 
oxidation of propane. 

In the present study, we investigated five different 
V-containing catalysts, active and selective in the propane 
activation, in which different reaction products can be 
achieved: (i) VCVAI2O3 catalyst active but poorly selective 
in the ODH of propane; (ii) K-doped VO A yAl 2 0 3 catalyst active 
and relatively selective in the ODH of propane; (iii) Mo-V- 
Nb-0 mixed metal oxides catalyst active and relatively 
selective in the ODH of propane; (iv) Mo-V-Sb-0 mixed 
metal oxide catalyst active and relatively selective in the 
oxidation of propane to acetic and acrylic acids; and (v) Mo- 
V-Te-Nb-0 mixed metal oxides catalysts active and very 
selective in the oxidation of propane to acrylic acid. A 
correlation between the characteristics of acid sites in each 
catalyst (determined from the FT-IR spectra of ammonia 
adsorbed and desorbed at different temperatures) and the nature 
of reaction intermediates (determined from the FT-IR spectra 
of propylene adsorbed and desorbed at different temperatures) 
can be proposed. 



2. Experimental 

2.1. Catalyst preparation 

Supported vanadia catalysts have been prepared by 
"wet" impregnation of alumina (Gidler T126 *v-Al 2 0 3 
support; ,S BET = 188 m 2 g" 1 ) with an aqueous solution of 
ammonium metavanadate (undoped VO^/7-Al 2 0 3 sample) 
or ammonium metavanadate/potassium carbonate in order to 
achieve a K/V atomic ratio of 0.7 (K-doped VO^/7-Al 2 0 3 
sample) [10]. The solids were dried at 80 °C for 4h and 
27 kPa and then kept at 1 10 °C for 16 h. Finally, they were 
calcined in air at 600 °C for 4 h. The samples will be named 
as VA1-1 and KVA1-2. 

Bulk Mo-V-Nb-0 mixed metal oxide catalyst has been 
prepared from an aqueous solution of ammonium hepta- 
molybdate, vanadyl sulphate and niobium oxalate [16]. The 
aqueous solution is evaporated in a rotavapor. The solid was 
dried at 100 °C overnight and finally heat-treated at 450 °C 
in N 2 during 4 h. The catalysts will be named as MoVNb-3. 

Bulk Mo-V-Sb-0 and Mo-V-Te-Nb-0 mixed metal 
oxides catalyst has been prepared hydrothermally. 
Ammonium heptamolybdate, vanadyl sulfate, antimony 
sulphate, niobium oxalate, and telluric acid, have been 
used as reagents. Mo/V/Sb atomic ratio of 0.75-0.14-0.1 1 
was used in the preparation of a Mo-V-Sb mixed metal 
oxide catalyst [33], while Mo/V/Te/Nb atomic ratio of 
0.65-0.13-0.11-0.11 was used in the preparation of a 
Mo-V-Te-Nb mixed metal oxide catalyst [26]. The gels 
were autoclaved in Teflon-lined stainless-steel autoclaves 
at 175 °C for 96 h (MoVSb) or 48 h (MoVTeNb). The 
resulting precursors were filtered, washed, dried at 80 °C 
for 16 h and calcined at 600 °C during 2 h in N 2 -stream. 
These samples will be named as MoVSb-4 and 
MoVTeNb-5, respectively. The characteristics of catalysts 
are presented in Table 1. 

2.2. Catalytic tests 

The catalytic experiments were carried out in an 
isothermal fixed-bed tubular reactor, working at atmospheric 
pressure, and equipped with a coaxial thermocouple for 
catalytic bed temperature profiling. Catalyst samples (0.3- 
0.5 mm particle size) were introduced in the reactor. The 
flow rate and the amount of catalyst were varied in order to 
obtain different hydrocarbon conversion levels. The feed 
consisted of a mixture of propane (or propyl ene)/oxy gen/ 
water/helium with a molar ratio 4/8/30/58. Experiments 
were carried out in the 320-400 °C temperature interval. 
Reactants and reaction products were analysed by on-line 
gas chromatography [26]. 

2.3. Catalyst characterization 

BET specific surface areas were measured on a 
Micromeritics ASAP 2000 instrument (adsorption of 
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Table 1 

Characteristics of V-containing catalysts 



Sample 


Chemical 


V-content 


Sbet 


XRD 


XPS results 5 






composition 3 


(wt.% V-atoms) 


(mV l ) 


phases 


V 5+ /V* + 


Mo 6+ /Mo 5+ 


Surface atomic ratio 


VA1-1 


AliVcoaO, 


3.5 


137 


7-Al 2 0 3 


10.20 




Al,Vo. l4 


KVA1-2 


Al] Vo.osKo.060^ 


3.5 


138 


7-AI2O3 


6.00 




nd 


MoVNb-3 


MoiVo.4iNho.uO, 


11.4 


24 


Mo 6 V 9 O 40 , Mo 4 V 6 0 25 


0.26 


0 C 


MoiV 0 . 30 Nbo. 14 


MoVSb-4 


M01Vo.19Sbo.17O, 


4.8 


9 


Sb 4 M 10 0 3 o d , Sb 2 M l0 O 3l d 


0.15 


2.29 


Mo 1 V 0 .i9Sb 0 .og 


MoVTeNb-5 


Mo,Vo.2iTeo.j 7 Nbo.i70 x 


4.2 


15 


Te 2 M 20 O 57 e , Mo 5 _,(V/Nb),0, 4 , 


0.18 


1.35 


Mo ! V 0 . 1 8 Teo. i9Nb 0 . 1 9 










Teo.3 3 M0 3 .33 C 









a The atomic ratios of calcined samples were determined by atomic absorption spectroscopy. 

b Binding energies (and FWHM) determined by XPS: V 5+ , 517.5 eV (1.25 eV); V 4+ , 516.4 eV (1.75 eV); Mo 6+ , 232.8 eV (1.75 eV); Mo 5+ , 231.8 eV 
(1.75 eV); Sb 3+ , 539.5 eV (1.37 eV); Nb 5+ , 206.5 eV (1.76 eV); Te 4+ , 576.3 eV (1.78 eV); Al 3+ , 73.98 eV (2.39 eV). 
0 A peak at 232.1 eV (1.78 eV) related to Mo 5+ is only observed. 
d Sb 4 M 10 0 3 o and Sb 2 Mi 0 O 3 i (with M = Mo and V). 
e Te 2 M 20 O 5 7 and Teo. 33 M0 3 . 33 (with M = Mo, V and Nb). 



krypton) and on a Micromeritics Flowsorb apparatus 
(adsorption of N2). 

X-ray diffraction patterns (XRD) were collected using a 
Philips XTert diffractometer equipped with a graphite 
monochromator, operating at 40 kV and 45 mA and 
employing nickel-filtered Cu Ka radiation (X = 0.1542 nm). 

X-ray photoelectron spectra (XPS) were recorded on a 
VG-Escalab-210 electron spectrometer using Al Ka 
radiation (Al Ka = 1486.6 eV) of a twin anode in the 
constant analyser energy mode, with a pass energy of 50 eV. 
The samples in the form of self-supporting wafers of 13 mm 
diameter were outgassed overnight in the preparation 
chamber of the spectrometer and subsequently transferred 
to the analysis chamber. The pressure of the main chamber 
during spectra acquisition was maintained at ca. 
1.0 x 10~ 9 mbar. The binding energy (BE) scale was 
regulated by setting the C Is transition at 284.6 eV. The 
accuracy of the BE was ±0.1 eV. Data analysis procedure 
involve smoothing, a Shirley background subtraction and 
curve fitting using mixed Gaussian-Lorentzian functions by 



a least-squares method. Atomic ratios of elements were 
calculated from the relative peak areas of the respective core 
level lines using Wagner sensitivity factors [34]. The 
integration of the V 2p 3/2 core level line is influenced by the 
Ka3,4 satellite subtraction of the O Is line. Therefore, the 
satellite subtraction (intensity ratios I/I Q and energies 
distances A£ between main line and satellite) have been 
adjusted by using a reference material without vanadium in 
order to obtain a smooth background baseline. The Sb 3d 5/2 
peak almost overlaps with that of O Is, thus the Sb 3d 3/2 
transition has been used for both quantitative analysis of the 
Sb composition and for the identification of the chemical 
state of the Sb. 

IR spectra have been recorded with a BioRad, FTS-40A 
FT-IR spectrophotometer, by using a conventional quartz 
infrared cell connected to a vacuum dosing system. The 
catalyst powder was pressed into self-supporting disc and 
activated at 200 °C in vacuum for 1 h, before adsorption 
experiments. Adsorption of NH 3 (32mmolg _I ) was 
performed at room temperature (rt), followed by evacuation 



Table 2 

Propane oxidation on V-based catalysts 



Sample Temperature (°C) W/F 8 Conversion (%) b Selectivity (%) 











C 3 H 6 


Acrylic acid 


Acetic acid 


Acetone 


CO 


COz 


VAL-1 


340 


500 


7.8 


41.1 






0.1 


15.7 


43.0 




380 


500 


26.1 


23.0 






0.1 


26.7 


50.2 


KVA1-2 


380 


500 


4.1 


49.2 






0.7 


9.6 


40.5 




420 


1000 


26.8 


28.9 






0.1 


16.7 


54.2 


MoVNb-3 


300 


150 


6.5 


28.9 




10.9 


0.7 


23.1 


36.4 




300 


500 


20.4 


4.3 




19.8 


0.3 


35.7 


39.9 




340 


500 


50.6 


1.9 




2.8 


1.1 


41.6 


52.6 


MoVSb-4 


360 


200 


11.8 


16.0 


6.2 


18.4 


3.1 


20.5 


36.0 




360 


500 


29.5 


9.2 


8.4 


12.7 


0.7 


25.9 


43.1 


MoVTeNb-5 


360 


200 


7.9 


26.6 


49.6 


5.8 


3.7 


6.3 


8.0 




360 


500 


19.4 


8.8 


60.0 


9.9 


2.2 


7.8 


11.1 




380 


500 


48.3 


3.0 


58.0 


5.3 


0.2 


11.3 


22.2 



a Contact time, W/F, in g ca , h mol C3 l Hg . 

b C 3 H 8 /0 2 /He/H 2 0 molar ratio of 4/8/58/30. 
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at the same temperature in order to remove physisorbed 
NH 3 . Under these conditions, spectra at 25 °C and after 
increasing the temperature to 100 °C have been collected. In 
all cases FT-IR spectra of the unloaded catalyst sample were 
recorded as reference spectrum, which was subtracted from 
the obtained spectrum after adsorption of the gases. NH 3 
adsorption spectra has been normalized according to both 
the sample weight and the sample surface area. Adsorption 
of propylene (17mmol g" 1 ) was carried out at room 
temperature for 1 h, followed by increasing the temperature 
to 100, 150, 200 and 250 °C, with stabilization times of 1 h 
at each temperature. 



3. Results 

3.7. Propane and propylene selective oxidation 

Table 2 presents the catalytic results obtained during the 
oxidation of propane on V-containing catalysts. Bulk mixed 
metal oxide catalysts present higher catalytic activity than 
supported vanadium oxide catalysts. Although one could 
concluded that V species in bulk catalysts are more active in 
propane activation than those present in supported vanadia 
catalysts, it must be taken into account that the presence of 
other elements (especially Mo) could enhance the catalytic 
activity of V atoms in mixed metal oxides. 

Propylene is the main partial oxidation product at very 
low propane conversions (Fig. 1), suggesting that this is 
initially formed from propane over our catalysts. In addition, 
it can also be seen that the best selectivity to partial oxidation 
products is obtained on the MoVTeNbO catalysts, with an 
initial selectivity to propene higher than 90%. However, 
carbon oxides are also observed at low propane conversion, 
suggesting that they are also partially formed from propane 
(see Scheme 1). 

In the case of supported catalysts, the selectivity to 
propylene decreases at high propane conversion with the 
formation of carbon oxides. So, the deep oxidation of 
propylene can be proposed, as the consecutive reaction, on 
Al 2 0 3 -supported vanadia catalysts. 



3H4O] 



> CH 2 =CHCO,H — 1 




VAU. KVAt-2 MoVNb-3 MoVSb-4 MoVTeNb-5 



Catalyst 

Fig. 1. Initial selectivities (at propane conversion near to 0) to the main 
reaction products, i.e. propylene and CO*, obtained during the propane 
oxidation at 380 °C over: VA1-1, KVAI-2, MoVNb-3, MoVSb-4, MoV- 
TeNb-5. 



C 3 H 8 ► C 3 H 6 ►[ C 3 H 6 o] ► CH 3 C0 2 H 

, 1 



CO + CO, 



Scheme 1. Reaction network for the selective oxidation of propane on 
mixed metal oxides. 



Over bulk catalysts, the selectivity to propylene decreases 
and the formation of carboxylic acids (acetic and/or acrylic 
acid) increases when increasing the propane conversion 
(Table 2). We must notice that the maximum of the 
selectivity to carboxylic acid is obtained for propane 
conversions of 30^0% [26,33]. In addition, the acrylic acid/ 
acetic acid ratio changes in these catalysts suggesting 
different mechanisms in their formation. Moreover, we must 
inform that a yield of acrylic acid of about 35% has been 
obtained on MoVTeNb-5 sample working at 380 °C and a 
contact time, W/F, of 1000 g cat h mol~ 1 . 

In order to get a better understanding of the different 
pathways in the mechanism for propane oxidation, we have 
carried out some experiments of propylene oxidation, since 
propylene can be considered as intermediate in propane 
oxidation. Table 3 presents the catalytic results obtained in 
the oxidation of propylene on these catalysts. According to 
these results, it can be concluded that the catalysts studied 
here are also active in the oxidative activation of propylene, 
but differences in the nature of reaction products are 
observed too. Relatively high selectivity to acetone and/or 
acetic acid is observed at low reaction temperature over bulk 
MoVNb-3 and MoVSb-4 mixed metal oxides. Moreover, the 
highest selectivity to acrylic acid was observed on 
MoVTeNb-5 catalyst when working at 360-400 °C. In fact, 
a yield of acrylic acid about 50% can be obtained during 
propylene oxidation at 380 °C on MoVTeNb-5 catalyst, 
while the yield of carboxylic acids, mostly acetic acid, on 
MoVSb-4 and MoVNb-3 at the same reaction conditions 
was of 27.5 and 17.1%, respectively. 

On the other hand, acrolein was observed, with low 
selectivity, during the oxidation of propane on both undoped 
and K-doped VOJAXzO^. However, no carboxylic acids 
were observed on these catalysts. We must indicate that a 
lower catalytic activity in propylene oxidation and a higher 
selectivity to acrolein is observed in the K-doped sample. 
This can be explained by a partial elimination of combustion 
sites after the incorporation of K ions [11,12], in good 
agreement with the results obtained during the oxidation of 
propylene on Na-free and Na-doped VO/H02 catalysts 
[35]. 

3.2. Catalyst characterization 

Table 1 summarizes the characteristics of catalysts. Low 
surface areas have been achieved for bulk mixed metal oxide 
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Table 3 

Propylene oxidation on V-based catalysts 



Sample 



Temperature (°C) 



Conversion (%) a 



Selectivity (%) 









Acrylic acid 


Acrolein 


Acetic acid 


Acetone 


CO 


C0 2 


VA1-1 


340 


7.7 




4.6 




6.0 


23.5 


65.9 




380 


13.4 




3.3 




1.4 


32.2 


63.1 


KVA1-2 


380 


1.0 




14.7 




2.8 


6.5 


76.0 


MoVNb-3 


320 


35.9 




0.2 


38.9 


14.0 


15.4 


31.5 




380 


70.7 




0.2 


24.2 


1.2 


34.3 


40.1 


MoVSb-4 


320 


30.0 


14.2 




11.0 


45.1 


9.2 


21.3 




380 


63.3 


26.0 




17.5 


11.7 


15.5 


29.3 


MoVTeNb-5 


320 


30.3 


42.7 




1.9 


48.0 


3.4 


3.6 




380 


63.6 


77.5 




5.2 


4.7 


5.3 


7.0 



C3H6/0 2 /He/H 2 0 molar ratio of 4/8/58/30. 



catalysts, i.e. MoVNb-3, MoVSb-4 and MoVTeNb-5. 
However, relatively high surface areas were obtained for 
undoped and K-doped V0 A /A1 2 0 3 catalysts (VA1-1 and 
KVA1-2, respectively). 

No vanadium containing crystalline phases have been 
observed on the undoped and K-doped V(VA1 2 0 3 catalysts, 
but previous characterization results suggest that tetrahedral 
V 5+ species are mainly present on both undoped and K- 
doped catalysts [10-12]. 

XRD analyses of bulk catalysts suggest the formation of 
several crystalline phases (Fig. 2). The XRD pattern of 
MoVNb-3 sample suggests the presence of an amorphous 
material as well as less well-crystallized M06V9O40 and 
Mo 4 V 6 025 phases [16], although the presence of Mo0 2 can 
also be proposed (Fig. 2a) [14]. Sb-containing and Te- 
containing phases can be proposed in samples MoVSb-4 
and MoVTeNb-5, respectively (Fig. 2, patterns b and c, 
respectively). Sb 4 M 10 O 3 i and Sb 2 Mi 0 0 3 i (M = Mo and V) 
phases, with crystal structures similar to those proposed for 
SD4M010O31 and Sb 2 Moio0 3 i [36] can be proposed in 



(b) 




(a) 



10 20 30 40 50 60 
2 theta 

Fig. 2. XRD patterns of heat-treated samples: MoVNb-3 (a), MoVSb-4 (b), 
MoVTeNb-5 (c): (O) Te 2 M 2 o0 5 7 or Sb 2 Mt 0 O 3 i; (□) Teo.33MO3.33 or 
Sb4Mo,o0 31 ; (■) Mo 6 V 9 0 4 o; (A) Mo 4 V 6 0 2 5; (O) Mo0 2 . 



sample MoVSb-4 (Fig. 2b) in agreement to previous results 
[31,33]. Moreover, Te 2 M 20 O 57 (M = Mo, V, Nb), with 
orthorhombic symmetry [5,22,24,28], and isostructural with 
Cs A (Nb,W) 5 Oi4 [37], has mainly been observed in 
MoVTeNb-5 sample, although the presence of small 
amounts of Mo5_ x (V/Nb)*Oi 4 and Te 0 . 33 MO 3 . 33 (M = Mo, 
V, Nb) can also been proposed (Fig. 2c) [26,28], 

XPS has been used to provide information about the 
oxidation state and the chemical environment of the 
elements present on the surface of the catalysts (Table 1). 
Fig. 3 A shows V 2p 3/2 XP spectra of catalysts. Spectral 
deconvolution reveals the presence of two distinct V- 
environments, with the presence of two components at 5 16.4 
and 5 1 7.5 eV and with full width at half maximum (FWHM) 
values of 1.75 and 1.25 eV, respectively. The component at 
lower BE corresponds to V 4+ , while the higher BE 
component is related to V 5+ sites [38,39]. On the other 
hand, the surface V 5+ /V 4+ atomic ratio of bulk catalysts was 
lower than those observed in supported catalysts (Table 1). 
In this way, the amount of V 4+ species on the catalyst surface 
decreases in the following trend: MVSb-4 = MoVTeNb- 
5 > MoVNb-3 > KVA1-2 > VA1-1. 

The Mo 3d core line spectra of Mo-containing catalysts 
are presented in Fig. 3B, where a broadening 
(FWHM = 2.05 eV) and a shift to higher BE (peak maxima 
at 232.5 eV) are observed in the Mo 3d lines of MoVSb-4 
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Fig. 3. V2p3/2 (A) and Mo3d (B) X-ray photoelectron spectra for, MoVNb- 
3 (a) MoVSb-4 (b), and MoVTeNb-5 (c) catalysts. 
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and MoVTeNb-5 samples. The FWHM of the Mo 3d line of 
the MoVNb-3 sample is 1.78 eV, and is shifted to lower BE 
232.1 eV. Lower BE can be taken as indicative of species 
with lower oxidation states, independent of crystal size 
effects, i.e. relaxation effects and Madelung potential, while 
a higher FWHM is generally related to the presence of more 
than one component, taken into account the absence of 
charging effect in the sample. Curve fitting have been done 
in order to determine the presence of different Mo species 
and their relative amount. In this way, both Mo 6+ (232.8 eV) 
and Mo 5+ (231.8 eV) species are present in MoVSb-4 and 
MoVTeNb-5 samples, with Mo 6+ /Mo 5+ atomic ratios of c.a. 
2.3 and 1.4, respectively (Table 1). The presence of niobium 
oxalate in the synthesis gel for the preparation of MoVTeNb- 
5 samples could favour an increase in the number of reduced 
Mo species [26]. 

In the case of the MoVNb-3 sample one component at 
232.1 eV can only be inferred. This BE is 0.3 eV higher than 
the values attributed to Mo 5+ sites in the other Mo- 
containing samples or those proposed by several authors 
[33,40], but similar to those reported by other authors for 
Mo 5+ sites [41]. Independently of the controversy in the 
literature, the presence of reduced Mo species can be 
proposed in the MoVNb-3 sample, although the slightly 
higher BE (232.1 eV) observed in this case could be related 
to some variation of relaxation and/or Madelung potential of 
the sample. 

According to these results, similar Mo 6+ /Mo 5+ and V 5+ / 
V 4+ atomic ratios are observed in both MoVSb-4 and 
MoVTeNb-5 samples, while V 5+ sites and Mo sites with an 
oxidation state lower than 6 are mainly observed in the 
MoVNb-3 sample. Moreover, the Sb 3d 3/2 , Nb 3d 5/2 and Te 
3d5/2 core level lines are rather symmetric appearing at 
539.5 eV (FWHM = 1.77), 206.5 eV (FWHM = 1.76) and 
576.3 eV (FWHM = 1 .78) binding energies, respectively. 
This suggests the presence of Sb 3+ [31,32], Nb 5+ [22], or 
Te 4+ sites [22] on the surface of these catalysts. 

3.3. FT-IR results on adsorption/de sorption of NH3 

The nature of acid sites (Lewis and Bronsted) on the 
surface of the catalysts has been studied by IR spectroscopy 
of NH 3 as probe molecule. The spectra arising from NH 3 
adsorption at room temperature followed by evacuation 
at the same temperature are shown in Fig. 4. Adsorption 
bands at 1618 and 1458 cm -1 corresponding to Lewis and 
Br0nsted acid sites, respectively, can be observed in the 
undoped VA1-1 sample (Fig. 4, spectrum a) [10-12]. It has 
previously been shown by using CO [12] or pyridine [11] 
as probe molecules for acidity measurements that the 
incorporation of K in the KVA1-2 sample leads to a partial 
disappearance of both Lewis and Br0nsted acid sites. 

The IR spectra recorded after NH 3 adsorption at 25 °C 
and subsequent evacuation at the same temperature on 
MoVNb-3, MoVSb-4 and MoVTeNb-5 catalysts are also 
shown in Fig. 4 (spectra b-d). Adsorption of NH 3 on the 
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Fig. 4. FT-IR spectra of NH 3 adsorbed and desorbed at 25 D C on: VA1- 1 (a), 
MoVNb-3 (b), MoVSb-4 (c), and MoVTeNb-5 (d). 

MoVNb-3 and MoVSb-4 sample (Fig. 4, spectra b and c, 
respectively) leads to the appearance of a band at 
1418 cm~ l , assigned to an asymmetric deformation vibra- 
tion (<S as ) of the ammonium ions (NH4 4 ") [42,43]. Conversely, 
the band at 1608 cm"" 1 is due to the asymmetric bending 
vibration for ammonia adsorbed on Lewis acid sites [43]. 

Adsorption and further desorption of NH 3 at 25 °C on 
MoVTeNb-5 sample (Fig. 4, spectrum d) shows a broad 
band centred at 1429 cm"*" 1 , due to ammonium ions, and a 
weak band centred at 1608 cm -1 , due to ammonia 
coordinated to Lewis acid sites. The broadening of the IR 
band at 1429 cm -1 could be related to a non-homogeneity 
of Br0nsted acid sites, or due to a splitting of the £ as vibra- 
tion due to the adsorption symmetry of the NH 4 + molecule 
with the catalyst surface. Accordingly, the amount of acid 
sites decreases in the order MoVNb-3 > MoVSb- 
4 > MoVTeNb-5. 

By increasing the temperature to 100 °C, the amount of 
both Br0nsted and Lewis acid sites remain in the MoVNb-3 
and MoVSb-4 samples, while only a low amount of 
Br0nsted acid sites can be observed on the MoVTeNb-5 
sample. 

Thus, it can be concluded that both the amount and the 
strength of Lewis and Br0nsted acid sites present in the 
MoVTeNb-5 sample are lower than those observed on the 
other samples. At this point, it must be taken into account 
that the presence of Te 4 * could decrease the acid character of 
this catalyst in the same way than happens in Te-doped VPO 
catalysts [44]. Conversely, the higher presence of Br0nsted 
acid sites observed in the MoVNb-3 sample could be related 
to the higher amount of Mo 5+ species as determined from the 
XPS spectra. 

3.4. FT-IR results on adsorption/desorption of propylene 

The interaction of propylene with the surface of the 
catalysts have been studied by FT-IR spectroscopy at room 
temperature and at increasing temperatures in order to reveal 
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Fig. 5. FT-IR spectra of propylene adsorbed on VA1- 1 sample at 25 °C (a); 
100 °C (b); 150 °C (c); 200 °C (d); and 250 °C (e). 



surface intermediate species which allow a better under- 
standing of the reaction mechanism pathway. 

3.4 J. Adsorption of propylene on VOJAl 2 0 3 catalyst 

Fig. 5 shows the IR spectra of the VA1-1 catalyst after 
adsorption of propylene at room temperature and their 
evolution with the temperature. A band at 1636 with a 
broad shoulder around 1616 cm -1 , due to C=C stretching, 
together with other less intense bands at 1456 and 
1374 cm -1 , associated to the asymmetric and symmetric - 
CH3 deformation, are observed after propylene adsorption 
at room temperature [45]. These bands can be assigned to 
physisorbed propylene (vC=C, 1636 cm" 1 ) and propylene 
Tr-bonded to surface Lewis acid sites (i»C=C, 1616 cm" 1 ) 
[45]. Increasing the temperature to 100 °C, a shoulder at 
1584 cm -1 can be observed. The intensity of this band 
increases by increasing the temperature to 150-250 °C, 
together with an increase of intensity of the bands at 
1456, 1374 cm" 1 and the appearance of a new band at 
1391 cm' 1 . These bands can be assigned to a mixture of 
acetate ions (1580 and 1462 cm -1 ) and formate ions 
(1395 and 1377 cm" 1 ) [45,46]. On the other hand, a 
band at 1680 cm" 1 due to acetone species appeared at 
200 °C. 

3.4.2. Adsorption of propylene on K-doped VOJAl 2 0 3 
catalyst 

The IR spectra of the KVA1-2 sample after propylene 
adsorption at room temperature and their evolution at 
increasing evacuation temperatures are shown in Fig. 6. Bands 
at 1634 and 1461 cm" 1 , due to physisorbed propylene, are 
only observed in the 25-100 °C temperature interval. More- 
over, a shoulder at 1575 cm" 1 starts to appear at a temperature 
of 1 50 °C, which is more evident at 200 and 250 °C. In addition 
to this, the band at 1461 increase in intensity and a new broad 
band in the 1683-1708 cm -1 interval are observed. The 
presence of the band at 1575 cm" 1 , together with the band at 
1461 cm" 1 , could be related to the formation of acetate species, 
while the bands at 1683 cm" 1 could be attributed to adsorbed 
acetone. As shown in Fig. 6 the formation of acetate 
species starts at some higher temperature than in the VA1-1 
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Fig. 6. FT-IR spectra of propylene adsorbed on KVA1-2 sample at 25 °C (a); 
100 °C (b); 150 °C (c); 200 °C (d); and 250 °C (e). 



sample, and shows a lower intensity of the IR band. In this way, 
K-doped V0^/A1 2 0 3 sample seems to be less active in the 
transformation of C 3 - and C 4 -olefins than that of the WOJ 
A1 2 0 3 sample [10-12]. 

3.4.3. Adsorption of propylene on MoVNbO catalyst 

The IR spectra of the MoVNb-3 sample after propylene 
adsorption at room temperature, and their evolution at 
several evacuation temperatures are shown in Fig. 7. 
Adsorption of propylene at rt leads to the formation of a 
strong band at 1607 cm -1 together with other less intense 
bands at 1436, 1376, and 1095 cm" 1 (Fig. 7, spectrum a). 
The 1607 cm" 1 band can be assigned to propylene ir-bonded 
to a Lewis acid site, the 1436 and 1376 cm" 1 IR bands 
correspond to the asymmetric and symmetric CH 3 deforma- 
tions, while the band at 1095 cm -1 is due to isopropoxide 
species [45]. Increasing the temperature to 100 °C, a new 
band at 1672 cm" 1 appeared, due to adsorbed acetone. In 
addition, an increase of the absorption bands at 1543 and 
1434 cm -1 is also observed, while the band at 1095 cm" 1 , 
related to isopropoxide compounds, disappears. From these 
results, it can be inferred the formation of acetate (bands at 
1543 and 1434 cm" 1 ) as well as acetone (band at 
1672 cm" 1 ) [47], in which isopropoxide can be proposed 
as intermediate species. 
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Fig. 7. FT-IR spectra of propylene adsorbed on MoVNb-3 sample at 25 °C 
(a); 100 °C (b); 150 °C (c); and 200 °C (d). Without reference spectra 
subtraction. 
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Fig. 8. FT-IR spectra of propylene adsorbed on MoVSb-4 sample at 25 °C 
(a); 100 °C (b); 150 °C (c); 200 °C (d) and 250 °C (e). 



3.4.4. Adsorption of propylene on MoVSbO catalyst 

IR spectra of the MoVSb-4 sample after propylene 
adsorption and their evolution with the evacuation tem- 
perature is shown in Fig. 8. The IR spectrum of propylene 
adsorbed after evacuation at room temperature is character- 
ized by the presence of very weak bands at 1640, 1447 and 
1368 cm -1 , which can be related to adsorbed unreacted 
propylene. 

Increasing the temperature to 100 °C, the IR spectrum is 
characterized by the presence of very sharp bands at 1542, 
1531 cm -1 together with bands at 1195 and 1177 cm - * 1 (Fig. 
8, spectrum b). These bands can be assigned to enolic type 
compounds (C=C-0-) [39]. Other less intense bands at 
1418, 1376 and 1359 cm -1 are also observed which could be 
related to 5 C h 3 vibrations [48]. 

A decrease of the intensity of the sharp bands related to 
the enolic compound is observed by increasing the 
temperature up to 150 °C. This is clearly observed in the 
1 195-1 175 cm -1 region where the C-0 stretching 
vibration of the enolate compounds appeared. In addition, 
broad bands at 1540 and 1487 cm -1 arise, which are 
characteristic of acetate type compounds [45,46]. Accord- 
ing to these results, enolic type compounds are mainly 
formed at 100 °C on the MoVSb-4 catalyst surface, which 
are precursor for the formation of acetate type 
compounds. Further increasing the temperature lead to 
a complete disappearance of bands related to enolate 
compounds and an increase of the intensity of bands due 
to acetate surface species (Fig. 8, spectra d and e). 

3.4.5. Adsorption of propylene on MoVTeNbO catalyst 
Fig. 9 shows the IR spectra of the MoVTeNb-5 catalyst 

after propylene adsorption at room temperature and their 
evolution with the evacuation temperature. The adsorption of 
propylene at room temperature leads to the appearance of 
weak bands at 1641, 1446 and 1367 cm -1 , related to 
physisorbed unreacted propylene. No isopropoxide type 
compounds have been observed (Fig. 9, spectrum a). The 
bands due to physisorbed propylene disappear by increasing 
the temperature at 100 °C, while new very intense bands at 
1541, 1530, 1522, 1493 and 1195, 1177, 1169 cm' 1 appear 
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Fig. 9. FT-IR spectra of propylene adsorbed on MoVTeNb-5 sample at 
25 °C (a); 100 °C (b); 150 °C (c); 200 °C (d) and 250 °C (e). 

(Fig. 9, spectrum b). The bands at 1541, 1530, and 1195, 
1177cm" 1 , also observed in the MoVSb-4 sample (Fig. 8, 
spectrum b), together to the presence of bands at 1522 and 
1169 cm" 1 can be attributed to different enolic compounds 
interacting with different sites on the catalyst surface. In 
addition to these, a new surface species characterized by a 
band at 1493 cm -1 is observed in the MoVTeNb-5 sample, 
which are not observed on the MoVSb-4 sample. The nature of 
this band has been revealed from time dependent adsorption 
experiments. IR spectra recorded in the first minutes after 
propylene adsorption at 100 °C reveal the presence of the band 
at 1493 cm" 1 while no band in the 1 190-1090 cm -1 IR 
region, associated to C-0 stretching vibrations, is observed. 
Afterwards bands due to enolic compounds start to appear. 
Thus, and in agreement to other authors [43,49], the band at 
1493 cm" 1 is indicative of the formation of a n-allylic 
compound. Allylic species could be formed by a heterolytic 
dissociation of the C-H bond in the alkene CH 3 group. 

At 150 °C the intensity of the bands due to enolic 
compounds decreases, which is clearly seen from the 
decrease in intensity of the bands in the 1 195-1 169 cm -1 IR 
region (Fig. 9, spectrum c). The evolution of the band at 
1493 cm" 1 cannot be easily followed since it is overlapped 
with strong broad bands at 1490 and 1440 cm" 1 , character- 
istic of carboxilate compounds (v as COO and v s COO, 
respectively) [48]. In fact these bands together with the 
band at 1294 cm" 1 have been assigned to acrylate type 
compounds [47]. Thus, according to our results, it -allylic 
compounds are the precursors in the formation of acrylate 
compounds. It is interesting to indicate that the bands at 
1493 cm" 1 (at 100 °C) and 1294 cm" 1 (at 150 °C) (related 
to Tr-allylic compounds and acrylate species, respectively) 
have not been observed in the MoVSb-4 sample. 

Moreover, enolate type compounds are observed in both 
MoVSb-4 and MoVTeNb-5 samples, which in accordance to 
Figs. 8 and 9 have been attributed as precursors to the 
formation of acetate type compounds. However, the 
transformation of enolate type compounds into acetate 
compounds on MoVTeNb-5 sample should be low and will 
also be obscured due to the overlapping intense IR bands of 
acrylate compounds. 
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4. Discussion 

4.1. Propane reaction network and nature of reaction 
intermediates 

A common feature of the five catalysts is the formation of 
propylene at low propane conversions with initial selectiv- 
ities to propylene of 35% (VA1-1), 40% (KVA1-2), 50% 
(MoVNb-3), 60% (MoVSb-4) and 90% (MoVTeNb-5). 
However, the selectivity to propylene decreases with the 
propane conversion with the appearance of other partial 
oxidation products: acrylic acid is mainly observed in 
sample MoVTeNb-5, while acetic acid is observed on 
sample MoVNb-3, and both acetic acid and acrylic acid in 
sample MoVSb-4. On the other hand, no oxygenated 
products other than carbon oxides were observed during the 
oxidation of propane on undoped and K-doped V0^/A1 2 0 3 
catalysts, although the selectivity to propylene on K-doped 
catalyst (KVA1-2) was higher than that of the undoped VOJ 
A1 2 0 3 (VA1-1), which is in agreement to previous results on 
alkali-doped supported molybdenum or vanadium catalysts 
[10-12,35,50-53]. 

Accordingly, it can be concluded that propylene is 
directly formed from propane at low propane conversions 
and it is transformed to partial oxygenated products and/or 
carbon oxides at higher propane conversions on bulk mixed 
metal oxides (Scheme 1 ). So, propylene can be considered as 
a primary and unstable product during the oxidation of 
propane, while acrylic and acetic acids can be considered as 
secondary products. Moreover, carbon oxides are formed 
by both parallel and consecutive reactions (primary and 
secondary products), in agreement to previous results 
obtained on V-containing catalysts [1-5,26,27,33]. 



There is a parallelism between the reaction products 
observed from propane and propylene confirming that 
propylene is initially formed from propane. In addition, the 
catalytic results on propylene oxidation and the FT-IR 
spectra of propylene adsorbed show evidence that more than 
one pathway exists in these catalysts, although the 
importance of each mechanism depends on the character- 
istics of the catalysts. Scheme 2 summarizes the nature of 
adsorbed intermediates detected by IR after the adsorption 
of propylene on our catalysts: (i) a ir-allylic intermediate, 
which is transformed into acrylic acid by a redox 
mechanism; (ii) an enolic type compound formed in the 
presence of Br0nsted acid sites, which is transformed into 
acetone and then into acetic acid; (iii) a ir-bonded propylene 
species interacting with Lewis acid sites, which in the 
presence of Br0nsted acid sites lead to the formation of 
isopropoxide intermediates which can be proposed as 
precursor of carbon oxides. 

Undoped and K-doped catalysts are moderately selective 
to propylene during the oxidation of propane, while CO* are 
only observed during the oxidation of propylene. The 
incorporation of potassium increases the selectivity to 
propylene from propane (Fig. 1) but decreases the catalytic 
activity in both propane (Table 2) and propylene oxidation 
(Table 3). This agrees with the observation of Martin and 
Rives [35] that doping supported vanadia catalysts with 
sodium, leading a less acidic surface, enhances the 
selectivity to acrolein from propylene. IR spectra show 
the formation of ir-bonded propylene species interacting 
with Lewis acid sites in both cases, although a lower 
oxidizing ability of the KVA1-2 sample toward the formation 
of acetate compounds is observed. Isopropoxide intermedi- 
ate species formed in the presence of Br0nsted acid sites of 
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Scheme 2. Reaction intermediates observed in the adsorption/desorption of propylene over mixed metal oxides. 
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the A1 2 0 3 support are not observed due to the high oxidizing 
ability of the VA1-1 sample. Acetate and formate 
compounds, formed by C-C cleavage of the adsorbed 
isopropoxide species by increasing temperature, are the 
precursors for the CO A formation. So, the presence of Lewis 
and Br0nsted acid sites in the undoped VA1-1 sample favours 
the consecutive deep oxidation of propylene during propane 
oxidation, but they are reduced if potassium is incorporated 
on the surface of the catalyst as occurs in KVA1-2 sample. 

A different catalytic behaviour is observed in bulk 
catalysts during the oxidation of propane and propylene. 
Acetic acid is obtained on MoVNb-3, acrylic acid is 
selectively formed on MoVTeNb-5, and both acetic and 
acrylic acid are observed on MoVSb-4. The presence of 
Mo=0 sites could partially explain the formation of partial 
oxidation products. However, the presence of a-hydrogen 
abstracting sites (Te 4+ or Sb 3+ ) and/or the acid character of 
catalysts also determine the nature of these partial oxidation 
products. In this way, the formation of acetic acid on 
MoVTeNb-5 sample (with low selectivity) can be explained 
by the presence of a low amount of acid sites in this catalyst, 
confirming the importance of acid sites in non-desidered 
consecutive reactions. 

Acrylic acid is formed from propylene by an allylic 
mechanism [1-5,26,27]. This is carried out by the a- 
hydrogen abstraction forming a symmetric ir-allylic inter- 
mediate. Subsequently, the allylic intermediate reacts with 
lattice oxygen forming acrolein and acrylic acid. So, an 
active and selective catalyst for propylene requires an 
a-hydrogen-abstracting site, an O-insertion site, a redox 
component and a solid state matrix in which the key 
components can be intimately mixed [5,54-56]. Te 4+ -0- 
[5,54,55] or Sb 3+ -0-groups [5,56] have been proposed as 
responsible of the a-H abstraction of chemisorbed propylene 
in selective catalysts for partial oxidation of propylene, 
while Mo 6+ sites have been proposed as the selective sites in 
the O-insertion into the ir-allylic intermediate [1,2,56,57]. 
Accordingly, the formation of acrylic acid from propane or 
propylene on both MoVSb-4 and MoVTeNb-5 catalysts 
could be explained by the selective oxidation of propylene 
by an allylic mechanism, in which Sb 3+ and Te 4+ , res- 
pectively, are the a-hydrogen-abstracting sites and Mo 6+ 
sites are the O-insertion ones. The absence of a-hydrogen- 
abstracting sites in the MoVNb-3 catalyst could explain the 
no formation of acrylic acid on this catalyst. 

On the other hand, it is known that the presence of acid 
sites favours the formation of acetone and acetic acid from 
propylene [2,58]. In this way, V-Mo-O [58] mixed metal 
oxides, V 2 0 5 [44] or VPO [44] catalysts are active and 
selective in the oxidative scission of propylene, in the 
presence of water vapour, to form acetone/acetic acid. In 
these cases, acetic acid could be formed by consecutive 
oxidation of the acetone formed at higher temperature [58]. 
Thus, the oxidative scission of propylene to acetic acid 
seems to comprise acetone formation, via the oxyhydration 
scission of the produced acetone to equimolecular acetic 



acid [44,58]. This mechanism is in good agreement to the IR 
spectra of propylene adsorbed on MoVNb-3 and MoVSb-4 
catalysts (Figs. 7 and 8). In both cases acetate and/or acetone 
compounds are observed at a temperature of 150 °C after 
propylene adsorption. However the reaction intermediate is 
slightly different. In the first case ir-bonded propylene 
interacting to Lewis acid sites are formed, while in the 
second case, enolate type compounds are mainly formed. 
This differences in the activation of the olefin could be 
related to the presence of V 5+ and of more reduced Mo 
species in the MoVNb-3 sample as observed from XPS and 
FT-IR-NH3 spectra. 

According to the experiment of ammonia adsorbed on our 
catalysts (Fig. 4), it can be concluded that both MoVNb-3 and 
MoVSb-4 catalysts present the highest number of Lewis and 
Br0nsted acid sites, which should be the active sites in the 
formation of acetic acid from propane and/or propylene. In this 
way, it has been reported that the incorporation of small 
amounts of potassium on the surface of a MoVSbO catalysts 
provokes the elimination of acid sites and the selective 
formation of acrylic acid rather than acetic acid, which is 
selectively observed in the K-free MoVSbO catalysts [33]. 
However, VA1-1 catalyst (with both Lewis and Br0nsted acid 
sites) is not effective in the formation of acetic acid leading to 
the formation of carbon oxides. This may suggest that both the 
presence of Mo-O-V pairs, in addition to acid sites, are 
required in the transformation of propylene to acetone and/or 
acetic acid. 

4.2. Nature of active sites in the selective and non- 
selective oxidation of propane 

Since propylene is the main partial reaction product at low 
propane conversion (primary and unstable product, Fig. 1), a 
similar mechanism in the propane activation should be 
proposed in all cases). In this way, it is generally accepted 
that the oxidative dehydrogenation of propane to propylene is 
the first step in the selective (amm)oxidation of propane to 
acrylonitrile and acrylic acid on Mo-V-Te-Nb-0 [18-27] and 
Mo-V-Sb-0 [30-33] catalysts. This oxidative activation of 
propane should be initiated via H-abstraction from propane by 
concerted mechanism over acid-base pairs: the Lewis acid site 
(V 5+ cation) and the basic oxygen (0 2 ~) interacting with the a- 
and P-hydrogen of propane, respectively, to form propylene 
[1-5,59]. 

Tetrahedral V 5+ species are mainly observed in the undoped 
and K-doped catalysts [11,12], which are, in agreement to 
previous results, the active and relatively selective species for 
the oxidative dehydrogenation of short chain alkanes [6-12]. 
However, as it has been discussed previously [10-12,35,50- 
54], the different acid-base character of these catalysts 
determine the final selectivity to the olefin. 

Octahedral V 5+ species in V-0-Mo" + pairs can be proposed 
as the active species in the oxidative activation of propane over 
bulk Mo-V-based catalysts [1 ,5,1 3-33]. However, the presence 
of other active sites for propylene oxidation favours the 
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formation of partial oxidation products. Thus, the presence of 
Mo 6 * sites in addition to Te 4 * or Sb 3+ sites could favour the 
formation of partial oxygenated products by a consecutive 
oxidation of propylene [1-5,24,55,56,60]. Since both 
MoVSbO and MoVTeNbO catalysts present similar crystalline 
phases, the different reaction products observed over these bulk 
catalysts should be related to their chemical compositions. In 
this way, Mo 6+ seems to be involved in both the adsorption of 
propylene and in the O-insertion in partial oxygenated products 
[33]: (i) to form acrylic acid, when a-hydrogen-abstracting 
sites (i.e. Sb 3+ or Te 4+ ) are present; and/or (ii) to form acetic 
acid, when Lewis and/or Br0nsted acid sites are present in the 
catalysts. The presence of Br0nsted acid sites has a negative 
effect on the selective oxidation of propane to acrylic acid since 
they favour the parallel formation of acetone/acetic acid in Mo- 
containing catalysts or the deep oxidation of propylene in Mo- 
free catalysts. Thus, the results obtained on MoVSb-4 catalyst 
can be explained by the competition between the allylic 
oxidation and the oxidative scission of propylene intermediate 
by the presence of Br0nsted acid sites. However, the 
incorporation of potassium on the catalyst surface, i.e. K- 
promoted MoVSbO catalysts [33], eliminate the acid sites 
favouring the selective formation of acrylic acid. This was also 
observed during the oxidation of propane on Te-doped VPO, in 
which the incorporation of Te decreases the number of acid 
sites favouring the formation of allylic compounds, i.e. acrolein 
and acrylic acid [44]. 

The results presented here show the key factors of a 
selective catalyst in the oxidation of propane to acrylic as 
MoVTeNbO catalyst. It should present an alkane activation 
site (V 5+ -sites), an a-hydrogen-abstracting site (Te 4+ ) and an 
O-insertion site (Mo 6+ ) in a well defined structure, i.e. 
Te 2 M 2 o0 5 7 (M = Mo, V, Nb) [5,22,24,28,60]. This is also 
observed during the adsorption experiments with propylene. 
On the other hand, a selective catalyst should present a small 
number of acid sites (both Lewis and Br0nsted) in order to 
decrease the formation of acetic acid from propylene by a 
hydration mechanism. These results explain how Mo-V- 
Te-Nb mixed metal oxides catalysts are active and very 
selective in the oxidation of propane and propylene to 
acrylic acid. As a difference with the MoVSbO catalyst, the 
incorporation of Te 4+ atoms rather than Sb 3+ sites in a well 
defined structure can be responsible of the lower number of 
acid sites and the lower formation of acetic acid on 
MoVTeNbO catalysts. Thus, as suggested in K-promoted 
MoVSbO catalysts [33], the nature and strength of acid sites 
should be tailored in order to optimise allylic oxidation and 
to avoid oxidative breaking of C-C bonds. 

5. Conclusions 

In conclusion, a series of V-based catalysts, i.e. supported 
(undoped and K-doped VO^AUOa) and bulk (MoVNb-, 
MoVSb- and MoVTeNb-oxide) catalysts, have been tested 
in the oxidation of propane and propylene and the results 



compared with those obtained by FT-IR of preadsorbed 
propylene or NH3. In all cases, propylene is directly formed 
from propane suggesting that V species are involved in the 
oxidative activation of propane. However, different reaction 
products are observed at high propane conversions, as a 
consequence of the different propylene oxidation on each 
catalyst: (i) acrylic acid on MoVTeNb-oxide catalysts; (ii) 
Both acetic acid and acrylic acid on MoVSb-oxide catalysts; 
(iii) acetic acid formed on MoVNb-oxide catalyst; and (iv) 
CO and C0 2 mainly observed on undoped and K-doped 
V0^A1 2 0 3 . 

The presence of Mo-sites seems to be important in the 
formation of partial oxidation products from propylene, but 
the ratio between allylic oxidation (i.e. acrylic acid) and 
oxidative scission (i.e. acetic acid) can be related to the 
number and strength of acid sites in the catalyst. According 
to the nature of the catalyst, different reaction intermediates 
are observed by FT-IR of propylene adsorbed on these 
catalysts, i.e. ir-allylic compounds and enolate compounds, 
which are the precursors in the formation of acrylic acid and 
acetic acid, respectively. In addition to these, the presence of 
iT-bonded propylene species interacting with Lewis acid 
sites, as occurs in supported vanadia catalysts, are also 
observed. These ir-bonded propylene species, in the 
presence of Br0nsted acid sites, lead to the formation of 
isopropoxide species which can be proposed as the 
precursors of carbon oxides. 

The comparison of the behaviour of these catalysts 
toward propane and propylene oxidation, propylene 
adsorption and ammonia adsorption shows evidence of 
the different reactivity of their surface sites, and suggest the 
key factors of a selective catalyst in the oxidation of propane 
to acrylic acid. Thus, and in addition to the presence of an 
alkane activation site (V 5+ -sites), an a-hydrogen-abstracting 
site (Te 4+ or Sb 3+ ) and an O-insertion site (Mo 6+ ) in a well 
defined host structure, i.e. Te 2 M 2 o057 (with M = Mo, V, Nb) 
or Sb 2 Mi 0 O3i (with M = Mo, V), the selective catalysts for 
propane oxidation to acrylic acid should have a relatively 
low number of Br0nsted acid sites. In fact, the presence of 
Br0nsted acid sites in Mo- and V-containing catalysts, as 
occurs in MoVSbO or MoVNbO mixed metal oxide, favours 
the formation of acetic acid (by an oxidative scission 
mechanism) rather than acrylic acid (by an allylic 
mechanism), while the formation of acetic acid in selective 
MoVTeNbO catalysts is generally very low. 
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Abstract 

K-doped Mo-V-Sb mixed oxides catalysts have been prepared by impregnation of a MoVSbO mixed oxide (previously prepared by 
hydrothermal synthesis) with an aqueous solution of potassium nitrate, characterized by XRD, SEM-EDX, EPR, XPS, XANES, and FTIR of 
adsorbed NH3, and tested in the selective oxidation of propane and propylene in the 593-693 K temperature range. The undoped MoVSbO 
catalysts presented a selectivity to acrylic acid lower than 15%, while selectivities to acrylic acid of about 40% can be obtained on K-doped 
catalysts. No appreciable differences between undoped and K-doped catalysts are observed in the nature of crystalline phases present in each 
case, on the basis of X-ray diffraction analysis. However, important differences in both the oxidation state of surface Sb species (according to 
XPS evidence) and the number of acid sites (determined from FTIR of adsorbed NH3) are observed between the undoped and the K-doped 
catalysts. The high selectivity to acrylic acid on the K-doped catalysts seems to be related to changes in the acid-base properties of the 
catalysts and most particularly to the elimination of (Bronsted) acid sites. In addition, the role of antimony species in activity and selectivity 
is also discussed and a reaction network for the partial oxidation reaction is proposed. 
© 2004 Elsevier Inc. All rights reserved. 

Keywords: Selective oxidation of propane to acrylic acid or acetic acid; K-doped Mo-V-Sb mixed metal oxide catalyst; Hydrothermal synthesis; Catalyst 
characterization ( X-ray diffraction, XANES, EPR, XPS, FTIR of adsorbed ammonia) 



1. Introduction 

There is an increasing interest in the development of a 
process for direct oxidation of propane to acrylic acid as 
an alternative to the two-step conventional industrial process 
based on the propylene feedstock, which represents approx- 
imately 90% of the 1.84 x 10 6 tons/year of the total capac- 
ity of acrylic acid production plants [1,2]. Although a large 
number of catalytic systems have been studied, only few cat- 
alysts seem to be relatively active and selective [3,4], This 
is the case of undoped and Me-doped V-P-0 oxides [5-7], 
Ni-Mo-Te-P-0 oxides [8,9], and metal and/or pyridine ex- 
changed molybdovanadophosphoric acid [1-14]. 



* Corresponding author. Fax: +34 963877809. 
E-mail address: jmlopez@itq.upv.es (J.M. Lopez Nieto). 

0021-9517/$ - see front matter © 2004 Elsevier Inc. All rights reserved. 
doi:10.1016/j.jcat.2004.08.036 



MoVNbTe(Sb) catalysts have been recently proposed as 
active and selective in the oxidation of propane to acrylic 
acid [15-24], but the selectivities achieved on Sb-containing 
catalysts [1 9-23] are generally lower than those obtained on 
Te-containing catalysts [15-18]. Despite their practical in- 
terest, few fundamental studies on the nature and catalytic 
behavior of MoVSb-based catalysts have been published 
[20-23]. Although some factors seem to have an important 
influence on the selectivity to acrylic acid, such as the cat- 
alyst calcination conditions [20,21] or the incorporation of 
water in the feed [22], relatively low selectivities to acrylic 
acid have been reported. 

Characterization results published on MoVSbO [23] and 
MoVSbNbO [20,21] catalysts suggest the presence of sev- 
eral crystalline phases depending on the chemical compo- 
sition, the catalyst preparation procedure, and the calcina- 
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tion conditions. SD4M010O30 and Sb2Mojo03i in addition 
to Mo5_^(V/Nb) Ar Oi4 were proposed to be present on sam- 
ples prepared by a slurry method and heat-treated at 873 K 
in N2 and activated in He or in 02/He mixtures (20% of 
O2), although some changes in the DRX were observed de- 
pending on the activation procedure [20,21]. (Sb20)M60is 
and (SbO)2M2oC>56 (with M = Mo and V) were proposed, 
however, in MoVSbO catalysts prepared by hydrothermal 
synthesis and activated in air at 643 K for 20 min followed 
by a second heat treatment, in pure nitrogen, at 873 K for 
2 h [26]. Nevertheless, the similarities of the XRD pat- 
terns of the oxides involved and the complexity of the sys- 
tems render difficult an unambiguous interpretation of the 
diffraction data, and to get additional information, which 
may help to elucidate the crystallographic phases, present, 
by using other characterization techniques. In this sense, 
one of the differences among these crystalline phases is 
the Sb oxidation state, which is Sb 3 " 1 " in SD4M010O30 and 
Sb 2 Moio0 3 i [20,25] and Sb 3+ /Sb 5+ in (Sb 2 0)M 6 0i 8 and 
(SbO) 2 M 20 O 5 6 [26]. 

MoVSbO catalysts, prepared by hydrothermal synthe- 
sis, have also been studied in the partial oxidation of 
propane [23]. They present a selectivity to acrylic acid (ca. 
6%) lower than that obtained on Te-based catalysts [16,23, 
24], although their catalytic performance has partially been 
enhanced by grinding the catalyst precursor before the calci- 
nation step. However, selectivities to acrylic acid lower than 
20% have been reported [23]. 

Recently, it has been shown that the selectivity to acrylic 
acid obtained during the selective oxidation of propane on 
MoVSbO catalysts can be improved by the incorporation of 
potassium on the catalyst surface [27]. This higher produc- 
tion of acrylic acid could be related to the modifications of 
the nature and number of acid sites on the catalyst surface 
after the incorporation of potassium. However, the role of 
each element and the nature of the crystalline phases are still 
unclear. 

In this paper we will present the characterization and cat- 
alytic behavior of undoped and K-doped MoVSbO, in which 
the incorporation of potassium has a promoter effect on the 
catalytic performance for the selective oxidation of propane 
to acrylic acid. The characterization results show no changes 
in the bulk of the catalysts after the incorporation of potas- 
sium, suggesting that the higher selectivity to acrylic acid 
observed on K-doped catalysts could be mainly related to the 
modification of both the number and the nature of acid sites 
rather than changes in the oxidation state of the Sb cations 
on the catalyst surface. 



2. Experimental 

2. 1 . Catalyst preparation 

A Mo-V-Sb mixed metal oxide catalyst was prepared 
by a hydrothermal method, using vanadyl sulfate, anti- 



mony sulfate, ammonium heptamolybdate, and water with 
a Mo/V/Sb atomic ratio of 1/0.18/0.15. The gel was au- 
toclaved in Teflon-lined stainless-steel autoclave at 448 K 
for 48 h. The resulting precursor was filtered, washed, dried 
at 353 K for 16 h, and heat-treated at 873 K for 2 h in N 2 
stream. It will be called the MVS sample. 

K-doped Mo-V-Sb mixed metal oxide catalysts (with 
K/Mo atomic ratios from 0.002 to 0.02) have been pre- 
pared by impregnation of the MVS sample with aqueous 
solutions of potassium nitrate. The samples were then ro- 
tavapored at 323 K and 14 kPa. The resulting powders were 
dried overnight at 373 K and finally heat-treated at 773 K 
for 1 h in a N2 stream. The samples will be named MVSK-/2 
(n = 1 to 4); their main characteristics are shown in Table 1 . 

For comparative purpose, a portion of the MVS precursor 
was first calcined in air at 553 K (2 h) and then heat-treated 
at 873 K (2 h) in N2. This sample will be referred to as MVS- 
A-N. 

2.2. Catalyst characterization 

X-ray diffraction patterns (XRD) were collected using 
a Philips X'Pert diffractometer equipped with a graphite 
monochromator, operating at 40 k V and 45 mA and employ- 
ing nickel-filtered CuKa radiation (k = 0.1542 nm). 

Scanning electron microscopy (SEM) and EDX micro- 
analyses were performed on a JEOL JSM 6300 LINK ISIS 
instrument. The quantitative EDX analysis was performed 
using an Oxford LINK ISIS System with the SEMQUANT 
program, which introduces the ZAF correction. 

Infrared spectra of the samples diluted in KBr (20 mg of 
the sample mixed with 100 mg of dry KBr and pressed into 
a disk) were obtained with a Nicolet 710 FTIR spectrometer. 

Electron paramagnetic resonance spectra (EPR) were 
recorded with a Bruker ER-200D spectrometer working 
in the X-band and calibrated with a DPPH standard (g = 
2.0036). Quantitative analysis was carried out by double 
integration of the EPR spectra and comparison with a cop- 
per sulfate (CUSO4 ■ 5H2O) standard. Computer simulations 
were employed to determine experimental parameters or to 
quantify contributions of overlapping signals. Portions of 
ca. 40 mg of sample were introduced inside an EPR quartz 
probe cell and subjected (under conventional high vacuum 
conditions) to extensive room temperature outgassing prior 
to recording their spectra. 

Photoelectron spectra (XPS) were recorded on a VG- 
Escalab-210 Spectrometer using Al^a radiation (Al Ka = 
1486 eV) operated at 12 kV and 20 mA. The spectrome- 
ter's hemispherical analyzer was set to 50 eV constant pass 
energy. The samples were previously outgassed at 373 K 
for 2 h in the preparation chamber of the spectrometer and 
subsequently transferred to the analysis chamber where the 
pressure during spectra acquisition was 5 x 10~ 10 Torr. The 
binding energy (BE) data were referenced to Cls (BE = 
284.5 eV) from surface contamination. Atomic ratios of 
the elements were calculated from the relative peak areas 
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Table 1 



Characteristics of undoped and K-doped Mo-V-Sb-O catalysts 



Catalyst 


^BET a 


K/Mo 


Mo-V-Sb-K 


Mo-V-Sb-K 


EDX analysis 








atomic ratio b 


atomic ratio b 


surface atomic ratio c 


PnrtJrlf* mnnhpr^ 

1 iUll | wlC< IIUUIUI.I 


C nm nn s i t i nn 


MVS 


9.5 


0 


MoiVo.i8 Sb 0.15 


Moj V 0 19 -Sbo.o8 


1 


MoV 0.30 Sd 0.34 












2-3-4 


MoV 0 .29-0.33Sb 0 . 18-0.20 












5-6 


MoV 0 .i3_o.2oSb 0> 18-0.20 












7 


MoV o.07Sbo.05 


MVSK-1 


nd 


0.002 


MoiVo.i8Sbo.isKo.002 


nd 


nd 




MVSK-2 


6.8 


0.005 


m <>1 v 0.18 Sd 0.] 5*^.005 


nd 


1-2 


MoVo.29-0.32 Sbo. 1 8-O.20 K 0.006-0.008 












3 


MoVq.24-0.26 Sbo.08-0. 1 2 ^0.006-0.008 












4 


MoVo.O8Sbo.05Ko 


MVSK-3 


nd 


0.010 


Mo i Vo.iaSbo.isKo.oi 


Moi V 0 .2oSb 0 .ioKo.OI5 


nd 




MVSK-4 


6.6 


0.020 


MO] V 018 Sb 0 .]5Ko.02 


MO] V 0 .2iSb 0 .i|Ko.oi6 


1 


MoVo.22Sbo.34Ko.OO4 












2-3^-5-6 


MoVq.25-0.33 Sbo. 1 2-O.20 Ko.01-0.03 


MVS-A-N 


nd 


0 


Moi v 0.i8Sbo.i5 


Moi v 0.22Sbo.n 


nd 





a 5b ET * n m 2 g~ 1 ; nd = not determined. 

b Chemical analysis was obtained by atomic absorption spectroscopy of heat-treated samples. 
c Mo-V-Sb-K surface atomic ratio was determined by XPS. 
d Particle number in Fig. 3. 



of the respective core-level lines using the Wagner sensi- 
tivity factors [28]. The influence of the Ka3,4 satellite of 
the Ols line has been taken into account for the integration 
of the V2p3/2 core-level line. Thus, the satellite subtrac- 
tion (intensity ratios I/Io and energies distances A£, be- 
tween main line and satellite) has been adjusted by using 
a reference material without vanadium in order to obtain a 
smooth background baseline, as indicated in Ref. [29]. By 
optimising the above mentioned parameters, the values ob- 
tained for the satellite subtraction are Ka3: ///o = 0.06225, 
AE = 9.8 eV; and Ka4: /// 0 = 0.030, AH = 11.8 eV. 
Determination of the Ols peak area is calculated after sub- 
traction of the Sb3d5/2 peak area (assuming a 3:2 peak ra- 
tio of the 3d5/2:3d3/2 doublets). Data analysis procedures 
involve smoothing, a Shirley background subtraction, and 
curve fitting using mixed Gaussian-Lorentzian functions by 
a least-squares method. 

Sb Li edge XANES spectra were acquired at room tem- 
perature at the line D42, XAS 13 beamline, at the LURE 
Synchrotron Radiation facility (Orsay, Paris) using a double 
crystal Si (31 1) monochromator, detuned until 50%. Detec- 
tion was made in the transmission mode by using two ion 
chambers with air filled gas. Three scans were collected 
for every spectra in the range 4650-4680 eV, with varying 
energy steps in three regions: 0.5 eV/s between 4650 and 
4680 eV, 0.2 eV/s in the 4680-4735 eV region, and 0.4 eV/s 
in the range 4735-4780 eV. Linear background absorption 
was subtracted to the entire spectra, which was then normal- 
ized at approximately 50 eV above the absorption edge. The 
spectrum of FeSb04 was recorded as a reference for the po- 
sition of the Sb 5+ cation, with the absorption maximum at 
4707.5 eV. 

Infrared spectra of adsorbed ammonia were obtained in a 
Bio-Rad Fis-40 1 7 spectrophotometer. Wafers of 1 0 mg cm -2 , 
mounted in a Pyrex vacuum cell fitted with KRS-5 windows, 
were degassed at 473 K for 2 h and then cooled at room tem- 



perature. Ammonia was first admitted at room temperature, 
degassed for 1 h, and finally desorbed at 298-373 K. 

2.3. Catalytic tests 

The catalytic experiments were carried out in a fixed- 
bed quartz tubular reactor (i.d. 20 mm, length 400 mm), 
working at atmospheric pressure [24]. Catalyst samples 
(0.3-0.5 mm particle size) were introduced in the re- 
actor and diluted with 2-4 g of silicon carbide (0.5- 
0.75 mm particle size) in order to keep a constant volume 
in the catalyst bed. The feed consisted of a mixture of 
C 3 H 8 /0 2 /H 2 0/He or C 3 H6/02/H 2 0/He molar ratio of 
4/8/30/58 or 4/9/30/57, respectively. Experiments were 
carried out in the 613-673 K temperature interval in order to 
achieve the highest selectivity to partial oxidation products. 
Reactants and reaction products were analyzed by on-line 
gas chromatography [16]. Blank runs showed that the homo- 
geneous reaction could be neglected under the experimental 
conditions used in this work. 



3. Results 

3.1. Catalyst characterizatio n 

A slight decrease of the surface area is observed upon 
the incorporation of potassium in the MoVSbO catalyst (Ta- 
ble 1), indicating that neither the incorporation of potassium 
by impregnation nor a second heat-treatment in N 2 at 773 K 
for 1 h have a strong influence on the specific surface area of 
MoVSb-based catalysts. 

The XRD pattern of the undoped MoVSbO catalyst is 
shown in Fig. la. The appearance of peaks at 20 — 22.3, 
25.8, 28.3, 36.3, 45.0, and 50.0° can be attributed to the 
presence of a Sb 3+ -containing compound like SD4M010O30 
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Fig. 1 . XRD patterns of undoped and potassium-doped MoVSbO catalysts: 
(a) MVS; (b) MVSK-4; (c) MVS-A-N; (d) MVS-A-N after reaction test. 

[JCPDS, 33-0104] [20,21], although the formation of (Sb 2 - 
0)M 6 0i 9 (with M = Mo and V), a Sb 5+ /Sb 3+ -containing 
crystalline phase [26] cannot be ruled out. Besides this, 
peaks at 20 = 6.6, 7.8, 8.9, 22.3, 26.3, 26.7, 27.3, and 29.3° 
could be related to the presence of a Sb 3+ -containing com- 
pound like Sb 2 Moio0 3 i [JCPDS: 33-105] [20,21], although 
the formation of (SbO)2^2o056 (with M = Mo and V), 
a Sb 5+ /Sb 3+ -containing phase [26], (Vo.o7Moo.93)50i4 
[JCPDS: 31-1437] should also be considered. No sig- 
nificant differences are appreciated in the XRD patterns 
when comparing undoped and K-doped MoVSbO sam- 
ples (Fig. lb), although changes in the proportion between 
Sb2Moio03i/Sb4Moio03o or the presence of (SbO)2M2o- 
056/(Sb 2 0)M 6 0i8 cannot be detected by XRD. Further- 
more, additional peaks at 26 = 12.9, 25.4, 27.2, and 38.9° 
which can be due to the formation, as minor phases, of un- 
doped or metal-doped M0O3 [JCPDS: 5-508] are present 
in both the K-free and the K-doped samples. The intensity 
of these peaks is particularly high in the MVS-A-N sample 
(Fig. lc). This suggests that, in this case, a partial oxidation 
of the catalyst is produced during the calcination in air at 
553 K. 

The morphology of the catalysts has been studied by 
scanning electron microscopy with X-ray energy dispersive 
analysis (EDX). The results obtained are collected in Ta- 
ble 1, The SEM image of the catalysts (not reported) shows 
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Fig. 2. 1R spectra of undoped and K-doped catalysts: (a) MVS; (b) 
MVSK-4; (c) MVS-A-N. 

the presence of agglomerates containing small slabs and rods 
of less than 5 um in diameter. This morphology is similar to 
those previously observed in Te- [23,24] or Sb-based [23] 
catalysts prepared by hydrothermal synthesis. The global 
chemical composition obtained by EDX analysis is in fair 
agreement with those obtained by A AS (Table 1). Never- 
theless, the SEM-EDX analysis evidences the presence of 
local inhomogeneities in the composition of the particles, 
with Sb-depleted zones, in some cases associated with lower 
V concentrations (Table 1). In every case, the composition 
of the crystals seems to be consistent with the crystalline 
phases observed by XRD. 

Fig. 2 shows the IR spectra of undoped and K-doped 
catalysts. In agreement with the XRD results, the introduc- 
tion of K in the Mo-V-Sb catalyst does not produce strong 
changes in the bulk of the catalyst, as no significant differ- 
ences are found in the positions of the bands between sam- 
ples with variable K content. The modifications observed in 
the overall or relative intensities of a determinate group of 
bands must rather be associated with K incorporation at sur- 
face positions. The bands at 868, 800, 714, and 652 cm -1 
can be attributed to antisymmetric vibrations of Mo-O-Me 
(Me = Mo, Sb) bridging bonds [20,24,30]. The bands at ca. 
925, 600, and 454 cm" 1 are probably related to V=0 groups 
and V-O-Me bonds (Me = Mo, V) [20,24,29] and/or to the 
presence of SD2M010O31 [20]. A shoulder at 990 cm" 1 in- 
dicates the presence of Mo=0 cu-dioxo groups of M0O3 
[30], which contribute to the band at 868 cm -1 too. 

EPR spectra recorded at 77 K consist in all cases es- 
sentially in the overlapping of two signals. An example of 
spectrum deconvolution is shown in Fig. 3 for the MVS 
sample. All spectra basically consist in the overlapping of 
a major broad symmetric signal Al at (g) = 1.93 with 
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Fig. 3. Deconvolution of the EPR spectrum of sample MVS after its use in 
the catalytic test. The experimental spectrum is shown as a thicker gray line 
with the computer simulation being overlapped as a thinner black line and 
the individual signals as dotted black lines. 

AH pp % 1000 G and a minor axial one at g± = 1.96 and 
£U = 1.90, signal A2, which is narrower than the former 
(average width » 225 G). It must be noted that signal Al 
could present certain anisotropy, difficult to be resolved as 
a consequence of its considerable width. Parameters of sig- 
nals Al and A2 are consistent with the presence of Mo 5+ 
cations [1 6,3 1 ]; though their large linewidth does not discard 
the contribution of other possible paramagnetic cations (like 
V 4+ ), which could participate into magnetically coupled 
phases. This is particularly true for the major broader signal 
Al, for which a higher uncertainty in its estimated parame- 
ters could be inferred from computer simulations. In any 
case, the significant width of both signals, with the conse- 
quent absence of resolution of hyperfine features on them (it 
must be considered that ca. 25% of the molybdenum — 95 Mo 
and 97 Mo isotopes — presents nuclear spin / = 5/2, while 
99.75% of the vanadium presents / = 7/2), suggests that the 
paramagnetic centers are immersed into magnetically active 
environments (probably subjected to strong spin-spin inter- 
actions and of a considerable magnitude for centers giving 
rise to signal Al). In addition, some of the samples show 
a set of relatively narrow features overlapped on the spec- 
trum of signals Al + A2, which corresponds to the presence 
of residual amounts of isolated V 4+ species. Another signal 
represented by a feature appearing at (g) =3.7 is apparent 
for some of the samples, particularly MVSK-2 and MVSK- 
4, although it can be also present in minor amounts for the 
other samples. This most likely corresponds to the forbidden 
transition (Am s = ±2) of Mo 5+ ionic pairs in an excited 
triplet state [32], based on the fact that a certain intensity in- 
crease is observed upon recording the spectrum at 298 K. No 
systematic study of these aspects has been done since they 
do not appear of relevance in the context of the present work. 

Concerning the quantitative aspects, the overall amount 
of paramagnetic species detected is 158.8, 167.1, and 
178.1 umolg" 1 , for MVS, MVSK-2, and MVSK-4 sam- 



ples, respectively, which correspond to about 3% of the 
total amount of Mo. Concerning the relative contributions 
of signals Al and A2, the A1/A2 intensity ratio displays, 
according to computer simulation results, values of 4.0, 5.0, 
and 5.3 for samples MVS, MVSK-2, and MVSK-4, respec- 
tively. 

Binding energies at peak maximum and peak half widths 
(FWHM) of the V2p3/2, Mo3d5/2, Sb3d3/2, and K2p3/2 
core-level lines in the XPS spectra of the MVS, MVSK-2, 
and MVSK-4 samples, as well as the surface metal atomic 
ratio determined from XPS data, are given in Table 2. For 
comparative purposes, the XPS results of the MoVSbO sam- 
ple calcined initially in air at 553 K and then in N2 at 873 K 
(sample MVS-A-N) are also included. It can be noticed that 
the Mo/V/Sb surface atomic ratios of the catalysts remains 
almost the same after the incorporation of potassium and are 
in close agreement with the bulk composition (Table 1). 

The FWHM values of the Mo3d peaks are similar in all 
samples and can be fitted with two components at BE = 
232.7 and 23 1.7 eV for the Mo3d5/2 peak, which can be as- 
signed to Mo 6+ and Mo 5+ species [24,33-35]. Noteworthy, 
a Mo 5+ /Mo to tal atomic ratio of about 0.35 (Mo 6 +/Mo 5+ 
molar ratio close to 2) is determined for samples calcined 
under N2. This contrasts with detection of exclusively Mo 6+ 
species for MVS-A-N, suggesting that a higher overall oxi- 
dation degree is achieved in this sample as a consequence of 
the intermediate calcination treatment under air performed 
in this sample, in agreement with XRD results. 

The V2p3/2 core-level spectra of all samples can be de- 
composed into two components at BE = 5 1 6.3 and 5 1 7.4 eV, 
which can be assigned to V 4+ and V 5+ , respectively [24,35]. 
V 4+ cations seem to be the main component in undoped 
and K-doped catalysts, presenting a V 4+ /V to tal atomic ratio 
of 0.84-0.87 (V 4+ /V 5+ molar ratio around 5.5) for MVS 
and MVSK-n samples (Table 3). No V 3 + species have been 
detected in these catalysts. However, V 3+ species (BE = 
515.5 eV) are observed in sample MVS-A-N, which shows 
V 4+ /V to tal and V 3+ /V total atomic ratios of 0.61 and 0.29. 
So, a partial reduction of V 4+ to V 3+ is apparently produced 
for this sample. 

While the addition of potassium to the Mo VSb oxide does 
not appear to have a strong influence on the surface composi- 
tion and the nature of V2p or Mo3d XPS spectra, a different 
behavior is inferred for Sb, according to the Sb3d XPS spec- 
tra (Fig. 4). The peak width of the Sb3d3/2 line is sensitively 
higher in the K-doped samples than in the samples without 
potassium (1.95 and 1.70 eV, respectively), which could be 
related to the presence of another species or to differential 
charging of the samples. Since no broadening has been ob- 
served in the peaks from other zones in the spectra of the 
K-doped samples, contributions from differential charging 
of the samples can be neglected. We must indicate that the 
identification of the Sb oxidation state is complicated be- 
cause the Sb3d5/2 peaks overlap with Ols peaks and the 
BE separation of Sb 3+ and Sb 5+ is relatively small (approx- 
imately 0.6 eV). The deconvolution of the Sb3d3/2 line for 
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Table 2 

XPS results of undoped and K-doped Mo-V-Sb-0 catalysts 



Sample 


Binding energies (peak width) 












Me n+ /Me tota i atomic ratio 






Mo3d5/2 




V2p3/2 






Sbd3/2 




K2p3/2 


Mo 5+ /Mo tot ai 


v 4+ /v total 


Sb 5 +/Sb total 




Mo 6+ 


Mo 5 + 


V 5 + 


v 4 + 


V 3+ 


Sb 5+ 


Sb 3 + 






(V 3+ /V total ) a 




MVS 


232.7 


231.8 


517.4 


516.3 






539.5 




0.35 


0.87 


0 




(1.79) 


(1.77) 


(1.21) 


(1-78) 






(1.77) 






(0) a 




MVSK-3 


232.7 


231.7 


517.3 


516.3 




540.2 


539.4 


292.9 


0.26 


0.84 


0.29 




(1.80) 


(1-70) 


(1.28) 


(1.71) 




(1.70) 


(1.77) 


(2.25) 




(0) a 




MVSK-4 


232.8 


231.9 


517.4 


516.3 




540.4 


539.5 


293.1 


0.35 


0.84 


0.17 




(1.70) 


(1.60) 


(1.20) 


(1.74) 




(1.60) 


(1.70) 


(1.90) 




(0) a 




MVS-A-N 


232.9 




517.4 


516.4 


515.5 


540.4 


539.4 




0 


0.61 


0.81 




(1.80) 




(1-20) 


(1.60) 


(1.60) 


(1.69) 


(1.70) 






(0.29) a 





a In parenthesis the V 3+ /V tota i atomic ratios calculated from the XPS experiments. 



Table 3 

Catalytic performance of undoped and K-doped MoVSbO mixed metal oxide catalysts in the selective oxidation of propane 3 
Catalyst 



Conversion (%) b Selectivity (%) c 







CH 2 :CHC0 2 H 


CH 3 C0 2 H 


C 3 H 6 


CH 2 :CHCHO 


CH3COCH3 


CO 


co 2 


MVS 


19.8 


7.6 


27.0 


6.7 


0.1 


3.2 


19.5 


35.8 


MVSK-1 


14.3 


19.8 


16.2 


11.5 




4.6 


15.3 


32.7 


MVSK-2 


11.9 


34.8 


10.6 


17.7 


0.1 


4.2 


11.6 


21.0 


MVSK-3 


9.5 


34.5 


8.4 


22.2 




3.5 


11.1 


20.3 


MVSK-4 


7.8 


28.1 


7.9 


28.1 




6.4 


10.3 


19.2 


MVS-A-N 


18.0 


13.0 


18.2 


15.1 




2.3 


18.0 


33.5 



a Reaction conditions: Contact time, W/F, of 5 10 g cat h 1 mol Cr J Hg ; reaction temperature: 613 K.; C3Hg/0 2 /H 2 0/He molar ratio of 4/8/30/58. 
b Propane conversion (%). 

c Acetaldehyde has also been observed with selectivities lower than 0.3%. 
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Fig. 4. XPS spectra of Sb3d3/2 in the undoped and K-doped MoVSbO 
catalysts: (a) MVS; (b) MVSK-2; (c) MVSK-4; (d) MVS-A-N. 



the K-doped samples is shown in Fig. 4. The Sb3d3/2 peak 
of the K-containing samples can be fitted with two compo- 
nents at BE = 540.2 and 539.4 eV, assigned to Sb 5+ and 
Sb 34 ", respectively [26,36,37], while only one component at 
BE = 539.5 eV, of Sb 3+ , is observed in the K-free sample. 

These results suggest an oxidation of Sb 3+ to Sb 54 " on 
the catalyst surface (with Sb 5+ /Sb to tal atomic ratios of 0. 1 7- 
0.29) after the incorporation of potassium. However, the for- 
mation of Sb 5+ species is lower than that observed in the 
sample MVS-A-N (Sb 5+ /Sb to tal atomic ratios of 0.81). Such 
on-surface oxidation is not a consequence of the presence of 
oxygen during the calcination of these samples, but it could 
be related with the presence of nitrates (from the KNO3 used 
to incorporate potassium) during the calcinations step. In 
fact, when the MoVSb precursor is calcined initially with 
O2 and then with N2 (sample MVS-A-N), the partial oxi- 
dation of Sb 3+ to Sb 5+ is accompanied by partial reduction 
of V 5+ to V 4+ and V 3+ , although without apparent modifi- 
cation of the oxidation state of Mo (Mo 6+ ). At this point, it 
has to be said that in V-Sb-containing catalysts Sb 5+ species 
are formed from Sb 3+ at the expense of the partial reduction 
of V 5 + to V 4 + and V 3+ [36,37], although, in the presence 
of Mo 6+ , V 3+ formed is rapidly oxidized to V 4 " 1 * with the 
formation of Mo 5+ . 

Fig. 5 shows the normalized XANES region of the ab- 
sorption spectra at the Sb L[ edge of samples MVS, MVSK- 
3, and MVS-A-N and those of FeSb0 4 and Sb 2 0 3 used as 
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Fig. 5. Normalized XANES spectra at the Sb Lj edge of samples: (a) SD2O3, 
(b) MVS, (c) MVSK-3, (d) MVS-A-N, and (e) FeSb0 4 . 



references. The edge maximum corresponds to the electronic 
transition from the 2s 1/2 to the empty 5p orbital, and the en- 
ergy involved strongly depends on the occupancy of the 5s 
orbital, i.e., on the presence of Sb 3+ or Sb 54 ". The edge po- 
sition is very sensitive to the oxidation state of antimony, 
appearing at 4703.0 eV for Sb 3+ and at 4708.0 eV for Sb 5+ , 
as can be observed for Sb203 and FeSb04, respectively, in 
Fig. 5. This renders XANES spectroscopy very valuable for 
determining the valence of antimony, information which is 
not easily available by any other technique. 

The spectra of the K-free and K-containing MVS sam- 
ples (see Fig. 5, spectra b and c) exhibit the edge maxima 
at 4703.4 eV, clearly indicating that antimony is present as 
Sb 3+ in both oxides [26]. However, when the parent MVS 
oxide is calcined in air before the treatment in N2, i.e., sam- 
ple MVS-A-N, the maximum is shifted at 4708.0 eV char- 
acteristic of Sb 5+ , while a shoulder at ca. 4703 eV of Sb 3+ 
is also observed, evidencing the presence of antimony in 
both oxidation states (Fig. 5d). Fitting the spectrum using 
a combination of the two references for Sb 3+ and Sb 5+ the 
Sb 3+ /Sb 5+ ratio can be. estimated to be approximately 1. 
Therefore, bulk oxidation of Sb 34 " occurs upon the calcina- 
tion in air of a MoVSbO sample (MVS-A-N) but not upon 
incorporation of potassium. 

Reported in Fig. 6 are the infrared spectra of ammo- 
nia adsorbed on undoped (Fig. 6a) and K-doped (Fig. 6b) 
MoVSbO catalysts after evacuation at 373 K. The adsorp- 
tion band at 1608 cm -1 can be attributed to the asymmetric 
bending vibration of ammonia adsorbed on Lewis acid sites, 
while the band at 1423 cm" 1 corresponds to an asymmetric 
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Fig. 6. FTIR spectra of NH3 adsorbed on undoped and K-doped samples 
after evacuation at 373 K: (a) MVS; (b) MVSK-3. 

deformation vibration (<5 as ) of the ammonium ions (NHL**) 
on Bronsted acid sites [38]. The broadening of the latter band 
must be related to a certain heterogeneity in the Bronsted 
acid sites, or to a splitting of the 8 as vibration as a conse- 
quence of changes in the adsorption symmetry of the NH4 + 
molecule at the catalyst surface. 

The incorporation of potassium apparently decreases the 
intensity of both bands, thus confirming the diminution of 
the number of acid sites of the catalyst as already observed 
upon incorporation of alkali metals on V- or Mo-based cata- 
lysts [39-43]. 

Conversely, no significant structural changes have been 
detected by XRD in the MVS and K-doped catalysts after 
the catalytic test, and only the MVA-A-N sample shows a 
slight decrease in the intensity of the peaks corresponding to 
M0O3 (Fig. 1 d). The XPS study of the undoped and K-doped 
MoVSbO used samples shows neither changes in the catalyst 
composition nor important variations in the oxidation state 
of each element on the catalyst surface. In addition, Sb 3+ 
was also mainly observed by EXAFS in the used catalysts. 
Therefore, we can assume that, under the reaction conditions 
used in this work, our catalysts are reasonably stable during 
the reaction tests. 

3.2. Catalytic results for the selective oxidation of propane 

Fig. 7 reports the variation of the propane conversion and 
the selectivities to the main reaction products obtained dur- 
ing the oxidation of propane in the 613-673 K temperature 
range, while Table 3 summarizes the catalytic results ob- 
tained during the oxidation of propane at 653 K on undoped 
and K-doped catalysts. Partial oxidation products (propy- 
lene, acrylic acid, acrolein, acetone, and acetic acid) and 
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Fig. 7. Variation of the propane conversion and the selectivities to the main reaction products with the reaction temperature obtained during the oxidation of 
propane at 653 K over the undoped and K-doped catalysts: MVS (A); MVSK-2 (•); MVSK-3 (O); MVSK-4 (■). Contact time, W/F, of 5 10 g^ h" 1 mol^j . 



carbon oxides have been observed in all cases, although their 
corresponding selectivities strongly depend on the catalyst 
composition. 

The undoped MVS sample presents a very low selec- 
tivity to acrylic acid but an important selectivity to acetic 
acid. Comparing the samples MVS and MVS-A-N, it can be 
concluded that no apparent modification in the catalytic per- 
formance occurs when the sample is previously calcined in 
air at 553 K before the heat treatment at 873 K in N 2 (Ta- 
ble 3). 

The catalytic behavior of MoVSbO catalysts is com- 
pletely modified when potassium is added to the catalyst 
(Fig. 7 and Table 3). The incorporation of small amounts 
of potassium notably increases the selectivity to acrylic acid 
and propylene, decreasing the selectivity of both acetic acid 
and carbon oxides. However, the propane conversion de- 
creases with increasing the K content in the catalyst. In this 
way the sample with a K/Mo ratio of 0.02 presents less than 
half of propane conversion than the undoped samples. 

A relative increase in the selectivity to organic acids 
(acrylic and acetic acids) without apparent changes in the 
propane conversion has been obtained when a MoVSbO cat- 
alyst was treated with a K-free aqueous solution following 
a procedure similar to that used for the preparation of the 



K-containing samples [27] or by grinding a Mo6V2SbO;t cat- 
alyst [23]. However, the increase in the selectivity to acrylic 
acid in the last two cases was very modest compared to the 
changes obtained for the K-doped catalysts. So, the changes 
observed in the K-doped catalysts cannot be explained by 
mechanical modifications of the crystalline phases, but by 
the effect of K-induced modification of the catalyst surface. 

The results of Fig. 7 indicate that the selectivity to propy- 
lene decreases and the selectivity to acrylic acid increases 
when the reaction temperature increases. However, the ef- 
fect of the reaction temperature on the selectivity to acrylic 
acid is a consequence of the variation of the propane conver- 
sion. In this way, the highest selectivity to acrylic acid was 
observed at propane conversions between 20 and 30%. 

The yields of partial oxidation products, i.e., acrylic 
acid, propylene, and acetic acid, obtained at 653 K over 
the studied catalysts are reported in Fig. 8. An opposite 
trend in the yields of acetic and acrylic acids is observed 
when the amount of potassium incorporated to the cata- 
lysts is increased, whereas the yield of propylene remains 
almost unchanged. Moreover, no changes in the sum of the 
yield of partial oxidation products (acrylic acid, acetic acid, 
and propylene) are apparently observed when the amount 
of potassium on the catalysts is changed. Therefore, the 
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lower conversion observed in the K-doped catalysts must be 
mainly related to a decrease in the formation of carbon ox- 
ides. So, the incorporation of potassium favors an enhance- 
ment of both the selectivity and the yield of acrylic acid by 
decreasing the formation of both acetic acid and carbon ox- 
ides. It must be noted that the yields to acrylic acid obtained 
over the K-doped samples are higher than those previously 
reported in the literature for MoVSbO [23] or Nb-containing 
MoVSbO catalysts [20-22], although lower than those re- 
ported in the patent literature [19,44]. 

In order to gain a better understanding of the different 
pathways in the mechanism for propane oxidation, we have 
carried out some experiments of propylene oxidation, since 
propylene can be considered as intermediate in propane ox- 
idation. Table 4 shows the catalytic results obtained during 
the propylene oxidation on undoped and K-doped catalysts. 
Acrylic acid, acetic acid, acetone, and carbon oxides are 
mainly observed, while acrolein and acetaldehyde were de- 



tected with very low selectivities. Acetone was the most 
important partial oxidation reaction product at low temper- 
atures and low propylene conversions, while acrylic acid 
(mainly obtained on K-doped catalysts) and/or acetic acid 
(mainly obtained on undoped MVS samples) were obtained 
at high reaction temperatures and high propane conversions. 
This trend is similar to that observed during the propane ox- 
idation. 



4. Discussion 

4.1. On the catalyst characterization 

The characterization results presented here suggest that 
the incorporation of K modifies only the characteristics 
of the surface of the MoVSbO catalyst, although whether 
changes in the nature of the crystalline phases are induced 
is still unclear. The XRD patterns of K-free and K-doped 
catalysts suggest the presence of similar crystalline phases. 
According to this, SEM/EDX results indicate the presence 
of essentially two compositionally different zones in the 
catalysts. Vanadium appears homogeneously distributed in 
the crystallites, which suggests that it is incorporated to the 
structure of Mo-Sb-0 mixed oxide, as already proposed for 
Mo-V-Te-Nb-O [24] and Mo-V-Sb-0 mixed oxides [23]. 
However, the XRD by itself cannot be used in the determi- 
nation of the crystalline phases in these catalysts. In fact, 
recent results published on MoVSbO [23] and MoVSbNbO 
[20,21] catalysts suggest the presence of several SbMoVO 
crystalline phases depending on the calcination conditions: 
SD4M010O30 and SD2M010O31 in samples heat-treated at 
873 K in N 2 and activated in He [20,21] and (Sb 2 0)M 6 0i 8 
and (SbO)2M2oOs6 (with M = Mo and V) in samples acti- 
vated in air at 643 K for 20 min followed by a second heat 
treatment, in pure nitrogen, at 873 K for 2 h [26]. Moreover, 
the XRD pattern of SD4M010O30 is similar to that shown 
by (Sb 2 0)Af 6 Oi8, while the XRD pattern of SD2M010O31 
is similar to that of (SbO)2M2oOs6, making difficult an un- 



Table4 

Catalytic performance of undoped and K-doped MoVSbO mixed metal oxide catalysts in the selective oxidation of propylene 3 



Catalyst Temperature (K) Conversion (%) b Selectivity (%) c 









CH 2 :CHC0 2 H 


CH3CO2H 


CH 2 :CHCHO 


CH3COCH3 


CO 


C0 2 


MVS 


593 


42.9 


27.0 


8.4 


0.2 


35.3 


14.5 


14.4 




613 


56.3 


32.0 


12.4 


0.1 


14.7 


21.5 


19.2 




638 


68.4 


21.0 


13.0 


0.1 


6.0 


36.0 


33.4 


MVSK-2 


614 


29.1 


36.6 


6.3 


0.3 


31.6 


13.2 


12.0 




636 


39.1 


46.4 


7.7 


0.2 


14.3 


17.0 


14.3 




653 


50.6 


46.0 


7.5 


0.1 


5.8 


22.2 


18.4 


MVSK-4 


613 


19.0 


36.0 


3.0 


0.5 


42.0 


10.2 


8.3 




634 


27.8 


51.1 


4.8 


0.4 


19.7 


13.7 


10.3 




654 


34.9 


59.6 


4.1 


0.3 


7.7 


16.1 


12.1 



a Reaction conditions: C3H6/0 2 /H 2 0/He molar ratio of 4/9/30/57 and contact time, W/F, of 100 gg at h -1 moi; 
b Propylene conversion (%). 

c Acetaldehyde was also observed with a selectivity lower than 0.3%. 
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ambiguous attribution of the diffraction peaks. The most im- 
portant differences among these crystalline phases appear to 
be related to the oxidation states of Sb: only Sb 3+ is present 
in SD4M010O30 and Sb 2 Mo| 0 O 3 ] [20,25], while Sb 3+ and 
Sb 5+ are observed in (Sb 2 0)M 6 0i 8 (with a Sb 3+ /Sb 5+ ra- 
tio of 63/37) and (SbO) 2 M 20 O 5 6 (with a Sb 3+ /Sb 5 + ratio 
of 1 1 /89) [26]. So, a possible discrimination between these 
structures could be established on the basis of the presence 
of Sb ions with different oxidation states. 

Therefore, the presence of both Sb 3 " 1 " and Sb 5 + in MVS- 
A-N, determined by XANES, suggests the possible presence 
of (Sb 2 0)Af 6 0i8 and (SbO) 2 M 20 O 5 6 (with M = Mo and V), 
rather than Sb4Moio03i and Sb 2 Moio03i [26], in catalysts 
first calcined in oxygen and then heat-treated in N 2 . Sb 5+ 
species have not been observed by XANES in both undoped 
and K-doped catalysts heat-treated in N 2 , i.e., MVS and 
MVSK-n series, suggesting the presence of SD4M10O31 and 
Sb 2 A/10O31 (with M = Mo and V). Only a partial oxidation 
of surface Sb 3+ to Sb 5+ species, which are not observed in 
the undoped sample, and a decrease in the number of acid 
sites, especially of Bronsted type, are observed upon the ad- 
dition of potassium on the surface of the MoVSbO mixed 
oxide. 

The EPR experiments evidence the presence of two dif- 
ferent magnetic environments for the paramagnetic cations 
(Mo 5+ and possibly also V 4+ ), corresponding to signals Al 
and A2. It is tempting to establish a correlation between 
the two signals and the presence of two distinct phases (as 
suggested also by the EDX results of Table 1) into which 
the corresponding paramagnetic species would be immersed. 
The larger width of signal Al suggests shorter average dis- 
tances between the spins, and then a higher concentration 
of Mo 5+ (and V 4+ ) species would be expected in this mag- 
netic domain. It must be noted that the amount of paramag- 
netic species detected in these spectra is relatively low when 
compared to the total amount of Mo and V (around 3%, 
considering the sample compositions determined by AAS, 
Table 1). The considerable higher concentration of paramag- 
netic species obtained by XPS (Table 2) and the low sur- 
face area of these oxides (Table 1) would suggest that they 
are exclusively located at surface or near surface. However, 
this is not consistent with the presence of mixed valence 
(Mo 6 +/Mo 5+ or V 5 +/V 4 +) phases observed by XRD. In 
fact, the EPR spectrum of sample MVS recorded under air 
(at atmospheric pressure) shows almost no modification in 
the signals lineshape or amplitude, suggesting a bulk na- 
ture for most of the detected paramagnetic centers. There- 
fore, it appears that a significant amount of the paramagnetic 
species must escape detection due to antiferromagnetic cou- 
plings [45]. 

Moreover, the relatively low amount of Sb 5 + species de- 
tected by XPS on the surface of K-doped catalysts and the 
fact that Sb 5+ species are not detected by XANES, along 
with consideration that structural or chemical transforma- 
tions induced by K ions must mainly affect the catalyst 
surface, suggest that oxidized Sb 5+ is only located on the 
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ox ^^f (acrolein) » Acrylic acid 




Scheme 1. Reaction network for the oxidation of propane on MoVSb-based 
catalysts. 

catalyst surface. A different conclusion can be proposed in 
the sample initially calcined in air and then heat-treated in 
N 2 (sample MVS-A-N). The XPS spectra of this sample sug- 
gest a high Sb 5+ /Sb 3+ ratio on the surface, besides several 
oxidation states for V, i.e., V 5+ , V 4+ , and V 3+ , with a higher 
overall reduction state. These results suggest that a different 
solid-state reaction occurs upon calcination of the sample 
under oxygen, which favors a redox reaction between V and 
Sb, as suggested in other V-Sb-O-based catalysts [35,36]. 

4.2. Selective oxidation of propane on undoped and 
K-doped Mo VSbO catalysts 

According to our results, a reaction network of propane 
oxidation similar to that previously reported for MoVTe- 
[16,24,46,47] or MoVSb-based [20-23] catalysts can be pro- 
posed (Scheme 1), with a higher selectivity to acetone and 
acetic acid over the latter. Propylene is initially formed from 
propane on both undoped and K-doped catalysts. Accord- 
ing to the results of Table 4, propylene can consecutively 
react on the catalyst surface giving three parallel reactions: 
(i) partial oxidation to acrolein/acrylic acid; (ti) hydration 
and oxidative scission to acetone/acetic acid; (iii) direct ox- 
idation to carbon oxides. It is clear that the modification of 
the catalyst surface by the K incorporation strongly changes 
the reaction rates of the parallel reactions. In this way, a 
higher formation of acrylic acid and a lower formation of 
acetic acid and carbon oxides have been observed in the 
K-doped catalysts (Fig. 7). 

It is generally accepted that both the selective oxidation 
and the oxidative dehydrogenation of propane are initiated 
via H abstraction from propane by a concerted mechanism 
over acid-base pairs [3,4,16-18,21-24]. The Lewis acid site 
(V 5+ cation) and basic oxygen (O 2- ) interacts with the a- 
and -hydrogen of propane, respectively, to form propy- 
lene [24,48]. The incorporation of K ions on the surface of 
V- [39-41] or Mo-based [41-43] catalysts has been reported 
to modify the acid character and the nature of surface metal 
species, favoring the achievement of higher selectivities to 
propylene from propane. Accordingly, the incorporation of 
potassium to MoVSbO catalysts is expected to increase the 
selectivity to propylene during the oxidative dehydrogena- 
tion [39-43], but it is apparently surprising the fact that the 
selectivity to acrylic acid is also increased. 

It is known that acid sites favor the formation of acetic 
acid, and that V 2 Os-Mo03 catalyst favors the oxidative scis- 
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sion of propylene in the presence of water vapor to form 
acetone/acetic acid [49]. Meanwhile, alkaline cations pro- 
mote the allylic oxidation of propylene or butylenes over 
Mo-containing catalysts [50,51]. According to these results, 
the incorporation of potassium to the MoVSbO catalyst sur- 
face decreases the number of acid sites, and then the forma- 
tion of both acetic acid and carbon oxides. A similar effect 
is observed upon the addition of H2O in the feed, which en- 
hances the selectivity to acrylic acid during the oxidation of 
propane on MoVSbNbO [22] or VPO [6]. So, it appears that 
the elimination of the strongest acid sites favors the partial 
oxidation rather than the hydration (and the oxidative scis- 
sion) reaction. 

Beside the decrease in the surface acidity, the incorpora- 
tion of K on the surface of the MoVSbO catalyst provokes 
the partial oxidation of surface Sb 3+ to Sb 5+ , which could 
favor the formation of acrylic acid by an allylic mecha- 
nism [18]. However, the catalytic results over MVS (Sb 3+ ) 
and MVS-A-N (Sb 3+ /Sb 5+ ) suggest no apparent influence 
of the oxidation state of Sb on catalytic behavior, and then 
that the increase in the selectivity to acrylic acid on K-doped 
MoVSbO catalysts must be mainly due to changes in the cat- 
alyst acidity. 

At the moment, it is not possible to establish the position 
of K + cations at the catalyst surface. Potassium could be lo- 
cated over oxygen atoms of Mo, V, or Sb, replacing surface 
protons and giving rise to Me-O-K surface bonds, or into 
the empty channels of the crystalline phases. Though the K + 
cations seems to favor, directly or indirectly, the appearance 
of Sb 5+ species on the catalyst surface, the mechanism is 
still unclear. A higher effort will be made in order to clarify 
the nature of active sites in each reaction step (oxidative de- 
hydrogenation, O insertion or oxidative scission) as well as 
the sites in which potassium cations are incorporated. 

5. Conclusions 

In conclusion, the incorporation of potassium on the sur- 
face of M VSbO catalysts enhances the formation and the se- 
lectivity to acrylic acid and decreases the formation of acetic 
acid and carbon oxides during the oxidation of propane. The 
presence of potassium diminishes the acidity of the catalyst 
surface, avoiding undesiderable reactions and favoring the 
selective formation of acrylic acid. 

No important modification in the characteristics of the 
catalysts has been observed after the incorporation of potas- 
sium. In fact, the main characterization results (XRD, 
SEM, EDX, FT1R, EPR, and XANES) suggest clearly 
that SD4M10O30 and Sb 2 A/io0 3 i (with Sb 3+ and M = 
Mo and V) are mainly present in undoped and K-doped 
catalysts heat-treated in N2, whereas (Sb20)M60ig and 
(SbO) 2 M 2 o0 5 6 (with Sb 3+ /Sb 5+ and M = Mo and V) can 
be proposed as major phases in the sample first calcined in 
air and then heat-treated in N 2 . Moreover, a partial oxida- 
tion of Sb 3+ to Sb 5+ (Sb 5 +/Sb to tai of 0.2-0.3) is observed 



on the surface of the K-doped catalysts, probably as a conse- 
quence of the presence of nitrates during the calcination of 
doped samples. 

A further "in-situ" study of these catalysts will help to 
determine the exact nature of crystalline phases and the pos- 
sible incorporation of V species in the structure of Mo-Sb-0 
mixed oxides. 
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